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Summary 
Fungi are organisms that due to their inability of moving are highly exposed to suffer 
predation. As a consequence, fungi have evolved different defence strategies to keep 
fungivores in check. Among these strategies, fungi are thought to synthesize secondary 
metabolites as a chemical defence against fungivores. The toxicity of some of these fungal 
compounds have been tested against different invertebrates, however, it remains unknown 
whether grazers induce the anti-fungivore defence in moulds.   
In this thesis it is hypothesized that fungivory enhances the capacity of the fungi to kill 
or repel fungivores. The more resistant fungal phenotype is expected to show changes at 
the molecular genetic and biochemistry level. Specifically, changes at the expression 
levels of those genes related with the biosynthesis of secondary metabolites and changes 
at the fungal metabolic profile were expected.    
To test for an inducible anti-fungivore defence, Aspergillus nidulans was exposed to the 
grazing of Drosophila melanogaster larvae (Chapter 2). In this chapter it is shown that 
the grazing of the D. melanogaster larvae induces the anti-fungivore defence on the 
mould A. nidulans. The induction of the anti-fungivore defence is accompanied by a shift 
at the transcriptome level where the expression levels of some genes involved in the 
biosynthesis of secondary metabolites were up-regulated compare to their constitutive 
expression levels.  
In chapter 3 was investigated whether the variation in fungivore feeding damage induces 
different fungal responses. It has been previously suggested that the mechanisms 
underlying the anti-fungivore defence in the mould A. nidulans are suppressed by intense 
grazing. Therefore, in this chapter, it was hypothesized that the intense feeding damage 
produced by the isopod Oniscus asellus negatively affects the expression levels of those 
genes involved in the anti-fungivore defence of A. nidulans. Results of this chapter 
revealed that the intense grazing produced by the isopod down-regulates the anti-
fungivore defence of the mould.  
Notably, different interactions in which fungi are engaged despite fungivory, may affect 
the anti-fungivore defence and therefore, the fungal capacity to harm fungivores. It is 
known that fungi compete chemically for resources and space against other 
microorganisms e.g. yeast. This chemical interference competition is commonly known 
as allelopathy and it is widespread between fungi e.g. mould and yeast. Yeast has the 
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potential to release volatile organic compounds with antifungal activity that negatively 
affect mould growth. In chapter 4 it was hypothesized that yeast volatile organic 
compounds (VOCs) induce changes at the organismic, genetic and biochemistry level 
which influences the anti-fungivore defence of A. nidulans. A common response of 
moulds to microbial volatiles is a reduced production of conidiospores combined with a 
fluffy vegetative growth. This fluffy phenotype turned out to have modified levels of 
secondary metabolites, impaired capabilities to launch an induced defence response, 
which in combination leads to a significantly reduced capacity to resist fungivory. Results 
from this chapter show for the first time that fungal allelopathy affects the sign and 
strength of fungus-fungivore interactions.   
In conclusion, the results of this thesis demonstrates that fungivores have the capacity to 
enhance the anti-fungivore defence of the mould A. nidulans and thus affects the outcome 
of fungus-fungivore interactions. Moreover, the plasticity in the anti-fungivore defence 
is susceptible to variation in grazing intensity and chemically mediated intra-guild 
interactions. All these results indicate that the dynamics of fungus-fungivore interactions 
are more complex than thought and therefore further studies are required to determine the 
role of the inducible fungal defence in multi-species communities.  
 
  Contributions  3 
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1. Introduction 
Life in terrestrial ecosystems is dominated by the activity of fungal organisms. The life 
cycles of fungi are not separated from those of other organisms; on the contrary, animals, 
plants and microorganisms are engaged in multiple interactions with fungi, which are 
thought to be essential determinants of ecosystem functioning. There is consensus that 
the environmental changes caused by these interactions have, at least in part, shaped the 
evolution of fungal life-history strategies. Many of such changes in the fungal 
environment are brought about by predatory, competitive or mutualistic interactions with 
invertebrate animals (Begon et al., 2006). Predation, i.e. fungivory, is probably the most 
dominant interaction in which invertebrates and fungi are engaged. In consequence, fungi 
are assumed to have evolved defence strategies to withstand or avoid fungivory 
(Böllmann et al., 2010). Among other mechanisms, chemical defence based on secondary 
metabolite production is a widespread and often-cited hypothesis for anti-fungivore 
resistance, that is the ability of fungi to repel or harm grazers (Nakamori and Suzuki, 
2007; Spiteller, 2008; Tanney and Hutchison, 2012).  
Generally, defensive compounds are formed by specialised or secondary metabolism. 
Secondary metabolism comprises biosynthetic pathways that produce small-molecular 
weight compounds not required for normal development, reproduction or survival of an 
organism (Keller et al., 2005), but play a major role in coping with ecological challenges, 
e.g. fungivory (Rohlfs et al., 2007; Trienens and Rohlfs, 2012; Trienens et al., 2010). 
Flexibility in the expression of defence mechanisms is a characteristic of many species 
interactions, which has, for example, intensively been investigated in plant-herbivore 
interactions (Karban and Baldwin, 1997). Adaptive plasticity in anti-grazer resistance has 
also been suggested to have evolved in fungal organisms (Spiteller, 2008). To date, 
however, it has remained unknown whether fungivore grazing induces the activation of 
chemical compound-based resistance mechanisms. 
Inducible resistance is generally assumed to reduce the costs of defence and benefit the 
fitness of the organisms. Activation of resistance mechanisms only if required, i.e. in the 
presence of predators, is thought to allow organisms to save energy for other processes 
such as growth and reproduction (Cipollini and Heil, 2010; Harvell, 1990; Karban et al., 
1999; Agrawal and Karban., 1999). Knowledge about the extent to which fungi are 
capable of adjusting their anti-fungivore resistance to environmental changes will 
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enhance our understanding of the mechanisms determining the structure and dynamics of 
populations associated with fungi.  
The fundamental hypothesis of the present thesis is that fungivory enhances the capacity 
of fungi to kill or repel grazers. This shift in resistance is expected to be characterised by 
changes in properties on the molecular genetic and biochemistry level of the affected 
fungus. In particular, a link between variation in anti-fungivore resistance and changes in 
the expression levels of genes involved in different molecular pathways tightly connected 
with the biosynthesis of secondary metabolites was expected. In consequence, variation 
in resistance can be related to changes in the fungal secondary metabolite profile. To 
elucidate this underexplored aspect of interspecific interactions the research chapters of 
this thesis fall into three areas (Figure 1): 
a) Inducible resistance – also in fungi? 
Testing for inducible anti-fungivore resistance is the first goal of this thesis. In order to 
investigate this, Aspergillus nidulans was challenged with fungivorous Drosophila 
melanogaster larvae. RNA analyses were performed to study the expression levels of 
candidate genes from different molecular pathways, incl. those involved in secondary 
metabolite biosynthesis in response to insect grazing. This molecular genetic analysis was 
combined with organismic assays to explore changes in the capacity of the fungus to kill 
the grazers. 
b) Do different fungivores trigger different fungal response? 
Different fungivores may cause, due to variation in grazing intensity, different fungal 
responses. In this chapter it was hypothesized that the expression of the regulatory 
mechanisms of anti-fungivore resistance are not or even negatively affected by the strong 
feeding damage imposed by isopod grazing. To test this hypothesis, A. nidulans was 
challenged with the isopod Oniscus asellus. RNA analyses were employed to study 
changes in the expression levels of candidate genes related with anti-fungivore resistance.  
c) Does fungal allelopathy affect fungus-fungivore interactions? 
Bipartite fungus-fungivore interactions are likely to be affected by intra-guild interactions 
that may additionally influence anti-fungivore resistance. Chemically mediated 
interference competition, often called allelopathy, is one of such wide-spread interactions 
between fungi which may influence the capacity of a target fungus to harm or repel 
fungivores. In the Drosophila system, the insects are associated with mutualistic yeasts 
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which are well-known for producing anti-mould metabolites. Whether this fungal 
allelopathy helps the flies to cope better with toxin-producing mould is the third area of 
this thesis. This chapter combines organismic experiments with molecular genetic and 
biochemical analyses to test whether fungal allelopathy influences the anti-fungivore 
resistance of A. nidulans and whether it affects the grazing success of D. melanogaster 
larvae. 
 
Figure 1. Scheme illustrating the three areas of this thesis. The first area is represented by (a) and 
hypothesizes that the anti-fungivore resistance of A. nidulans is induced by the grazing of D. melanogaster. 
The second area of the thesis (b) hypothesizes that the anti-fungivore resistance is suppressed by severe 
isopod feeding damage. And the third area of the thesis (c) hypothesizes that the anti-fungivore resistance 
of A. nidulans is negatively affected by yeast volatiles and in consequence, fungal allelopathy positively 
influences fungivore grazing efficiency.  
Inducible resistance has been thoroughly investigated and well documented in plant-
herbivore interactions (Howe and Schaller, 1995). Because plants and fungi share many 
ecological features e.g. modular growth and the way they are predated (Begon et al., 
2006), fungi may have evolved defence strategies comparable to those in plants. Many 
assumptions of this thesis are based on the results obtained from the analysis of plant-
herbivore interactions. Thus, in the following paragraph some detailed information on 
inducible anti-herbivore resistance in plants will be provided and related to putative 
mechanisms determining the capacity of fungi to harm fungivores.  
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2. Inducible anti-herbivore resistance in plants 
Inducible anti-herbivore resistance is tightly regulated by the cross-talk of several 
molecular pathways (Figure 2). In order to activate these molecular pathways plants need 
to detect grazing by perceiving herbivore-specific chemical cues called “elicitors” (Zhao 
et al., 2005). Such elicitors (Mattiacci et al., 1995; Turlings et al., 2000) activate protein 
kinases e.g. MAPKinases (mitogen-activated protein kinase) and hormonal signalling e.g. 
jasmonates, which are responsible for transmitting the “grazing” signal to the nucleus 
(Wasternack, 2007). In the nucleus, activation of genes involved in the biosynthesis of 
secondary metabolites takes places. Some of the anti-herbivore compounds are 
constitutively present at low levels under predator-free conditions, but they are massively 
produced under predatory conditions; some compounds are even synthesized de novo. 
Such compounds either repel the grazers, reduce the digestibility of plant tissue, or are 
immediately toxic (Gatehouse, 2002).  
 
Figure 2. Mechanisms underlying the regulation of induced plant resistance against herbivore 
grazing. Herbivory is the combined effect of mechanical wounding and the release of specific chemical 
cues associated with herbivores. These chemical compounds also called “elicitors” are found, for instance, 
in the oral secretions of herbivores e.g. β-glucosidase and volicitin (Mattiacci et al., 1995; Turlings et al., 
2000). Such compounds activate signal transduction pathways (e.g. MAPKinases) and hormonal signalling 
(e.g. jasmonates) that regulate the expression of different genes involved in the biosynthesis of insecticidal 
secondary metabolites (Bruxelles and Roberts, 2001; Wu and Baldwin, 2009; Zhang and Memelink, 2009).  
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3. Regulation of anti-fungivore resistance mechanisms 
Secondary metabolite biosynthesis in fungi appears to be as tightly regulated as secondary 
metabolites biosynthesis in plants (compare Fig. 1 and 2). Coordinated fungal secondary 
metabolite biosynthesis requires proper functioning of signal transduction pathways, 
epigenetic and pathway-specific activation of biosynthetic genes, as well as the activity 
of hormone-like compounds originated from oxylipins pathways (Figure 2). Numerous 
genes in some model fungi, e.g. Aspergillus, have been found to be involved in the 
regulation of secondary metabolite production. One of these is the laeA gene, which 
encodes for a methyltransferase-domain protein. This protein is part of the heterotrimeric 
velvet protein complex (LaeA/VeA/VelB). This complex is essential for the coordination 
of secondary metabolism and sexual development in the mould Aspergillus nidulans. The 
complex is activated by a MAPK interacting directly with VeA in the nucleus (Bayram 
et al., 2012, Bayram et al., 2008). VeA-VelB promotes morphological differentiation 
(sexual development) and, together with LaeA, co-regulates secondary metabolite 
formation (Bayram et al., 2008). Moreover, LaeA is also involved in forming sexual 
fruiting bodies, where it has been found to be required for Hülle cell development 
(Sarikaya Bayram et al., 2010). Hülle cells are assumed to nurse and protect the 
developing ascospores. While the absence of LaeA does not have severe repercussions 
on sexual ascospore formation, mutants that do not express laeA have reduced expression 
of several gene clusters that code for secondary metabolites including sterigmatocystin, 
aflatoxin, penicillin, lovastatin and gliotoxin. The ΔlaeA mutant is thus chemically 
deficient (Bok and Keller, 2004; Bok et al., 2006; Kale et al., 2008; Keller et al., 2005).  
The mechanisms underlying chemical differentiation in fungi have been shown to play 
an important role in anti-fungivore resistance, which has been achieved by using mutant 
fungi in well-controlled fungus-fungivore experiments. For example, Folsomia candida 
(collembola) having the choice between A. nidulans wild type and the chemical deficient 
ΔlaeA mutant significantly preferred the mutant over the wild type (Rohlfs et al., 2007). 
The arthropods also achieved higher fitness on the chemical deficient mutant strains. 
Similar results were obtained by Trienens et al. (2010). The authors confronted                       
D. melanogaster larvae with both, wild type and ΔlaeA chemical deficient mutant strains 
of A. nidulans, A. fumigatus and A. flavus. Although D. melanogaster experimental assays 
showed that larvae suffered generally less from the presence of the transgenic fungi 
compared to the wild type, striking differences were observed on larval survivals when 
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exposed to A. fumigatus and A. flavus ΔlaeA mutants. Both strains almost killed entire 
larval populations after 2 and 3 days of confrontation. Additionally, authors discovered 
that the wt and ΔlaeA A. flavus had the most detrimental effects on larval survival 
followed by wt and ΔlaeA A. fumigatus and wt and ΔlaeA A. nidulans, where ΔlaeA           
A. nidulans enhanced larval survival compared to the wt. Therefore, the authors suggested 
that although LaeA is the global regulator of secondary metabolites in different fungi 
ΔlaeA mutants when confronted with fungivores might be able to activate alternative 
secondary metabolite pathways.   
 
Figure 3. Scheme illustrating the mechanisms underlying the regulation of fungal secondary 
metabolite biosynthesis and its relationship to morphological differentiation and anti-fungivore 
resistance. Fungivore grazing is hypothesised to affect and to be affected by these mechanisms. Although 
how fungivory is perceived by the fungi is unknown, signal transduction pathways like MAPKinases 
(Bayram et al., 2012, Bayram et al., 2008) and hormone-like signalling psi factors have been shown to 
transmit environment-borne signals to the nucleus, where they interact with proteins and genes directly 
involved in secondary metabolite biosynthesis (Tsitsigiannis and Keller, 2006; Tsitsigiannis et al., 2004a, 
2004b).  
In contrast, fungivores preferred feeding on the wild type when they were offered 
simultaneously a mutant A. nidulans that over-expressed genes that regulate the formation 
of insecticidal compounds, such as sterigmatocystin (Yin et al., 2012). This series of 
studies demonstrate that variation in the ability to produce secondary metabolites has a 
tremendous influence on the outcome of fungi-fungivore interactions, whereas fungi 
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producing a higher amount or greater diversity of secondary metabolites achieved better 
protection against fungivory. Therefore, fungi that are able to adjust their chemical shield 
in response to grazers can be expected to be better at keeping fungivore in check. Indirect 
evidence for such induced resistance has been provided by Stötefeld et al. (2012). The 
results of their study indicate that the feeding damage caused by collembolans was more 
evenly distributed among colonies of the wt compare to the ΔlaeA. This suggests that 
collembolans feeding duration on individual colonies was longer on the mutant fungus. 
A possible explanation of the variation in feeding damage distribution would be a rapid 
up-regulation of fungal resistance mechanisms during grazing. Upon detection of 
insecticidal secondary metabolites, for example, the animals stop feeding and move to 
new, not yet attacked colonies. Theoretically, such a fungivore foraging response is 
expected to produce an even distribution of feeding damage over fungal colonies. 
However, when such compounds are absent, as in the ΔlaeA mutant, the collembola feed 
continually on single colonies without the need to search for alternative (non-toxic) food 
sources (Stötefeld et al., 2012). Despite the increasing evidence that secondary 
metabolites play an important role in mediating fungal resistance to fungivores, it has not 
been demonstrated directly whether fungi have the ability to enhance anti-fungivore 
resistance in response to grazing. 
4. Different fungivores may induce different fungal responses 
Many mechanistic aspects related to anti-fungivore resistance remain totally unknown. 
These aspects need to be resolved for a better understanding of fungal dynamics in 
ecosystems since they are involved in numerous interactions. For instance, it is unknown 
whether different fungivores induce different fungal responses, as it has been shown to 
be the case in plant-herbivore interactions (Walling, 2000).  
The extent of damage caused by herbivores/fungivores is a major feature of species-
specific grazing. In herbivore-plant interactions, high densities of herbivores produce 
intense feeding damage that may suppress plant defence. Suppressing host plant defence 
by such feeding damage may explain the positive correlation between herbivore density 
and fitness (Hambäck, 2010).  
A similar phenomenon has already been described for collembolan grazing on 
A. nidulans. Groups of collembola that were found to cause greater feeding damage, had 
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higher growth rates per capita than those that were feeding as isolated individuals 
(Stötefeld et al. 2012). The authors suggested that the strong feeding damage suppresses 
the fungus’ ability to launch an efficient defence response in seriously damaged colonies 
down-regulating the inducible resistance mechanisms. In this thesis, this idea was tested 
by quantifying changes of candidate gene expression in A. nidulans colonies affected by 
a varying degree of feeding damage caused by individual isopods, Oniscus asellus. Strong 
inter-individual feeding activity leads to a broad range of damage variation, so that 
variation in animal density was excluded as a confounding factor. Variation in fungivore 
feeding damage to be a factor that affects fungal resistance as determined by the 
expression of candidate genes involved in secondary metabolite biosynthesis was 
expected. 
5. Fungal allelopathy plays a role in fungi-fungivore interactions 
Fungus-fungivore interactions are not merely bipartite but may be affected by interactions 
with other microbes such as fungal chemical interference competition, a phenomenon 
commonly known as allelopathy (Begon et al., 2006).  
Allelopathy appears to be quite common in decomposer systems and may affect the ability 
of fungi to launch an efficient anti-fungivore defence, which in turn can be expected to 
have an immediate impact on fungus-feeding animals. Drosophila fruit flies are 
associated with mutualistic yeasts that are well known to produce primary and secondary 
metabolites with antifungal activity that affect detrimentally mould growth (Zhang et al., 
2012; Calvo et al., 2003; Droby et al., 2002; Chan and Tian, 2005; Scherm et al., 2003; 
Spadaro et al., 2002; Wilson et al., 1993). In this chapter, it was hypothesized that fungal 
allelopathy has a detrimental effect on anti-fungivore resistance which helps the larvae to 
cope better with the mould’s chemical defence. 
To test this hypothesis co-cultivation experiments comprising A. nidulans and the yeast 
Saccharomyces cerevisiae were conducted. The effect of yeast volatiles on anti-fungivore 
resistance were investigated on the organismic, genetic and biochemical level. It was then 
tested whether exposing A. nidulans to yeast volatiles altered D. melanogaster 
development in order to elucidate whether fungal allelopathy positively influence larval 
development.   
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6. Overview 
This thesis focuses on inducible anti-fungivore defence in A. nidulans when the fungus is 
exposed to different interkingdom interactions. Chapter 2 investigates whether the 
grazing of D. melanogaster larvae induces anti-fungivore defence in the mould                    
A. nidulans. Chapter 3 explores the inducible anti-fungivore defence in A. nidulans 
related to feeding damage variation by isopods. Chapter 4 addresses how inducible anti-
fungivore resistance of A. nidulans is affected by fungal allelopathy and what the 
consequences are D. melanogaster development.  
Chapter 2. Anti-fungivore defence is thought to be mediated by insecticidal secondary 
metabolites. Different studies have shown the role of such compounds in mediating 
resistance against fungivores, however, it remains unknown whether the grazing of 
fungivores induces the anti-fungivore defence in moulds. To test for an inducible anti-
fungivore defence, A. nidulans was exposed to the grazing of D. melanogaster larvae. 
Quantitative Real-Time Reverse Transcription PCR analyses of various fungal candidate 
genes were coupled with quantification of both insect and fungal fitness. This study 
provides first evidence that insect grazing induces anti-fungivore resistance which is 
accompanied by a substantial shift in the fungus’s transcriptome. Functional analyses of 
ΔlaeA A. nidulans mutants verified the central role of epigenetic regulation of chemical 
diversity in determining the capacity of the mould to resist grazing.  
Chapter 3. It has previously been suggested that strong feeding damage may suppress 
the mechanisms of anti-fungivore resistance in A. nidulans. In this chapter, on the level 
of gene expression, the anti-fungivore response of A. nidulans to feeding damage 
variation produced by Oniscus asellus was studied. It was expected that severe feeding 
damage suppresses or even down-regulates the anti-fungivore defence of A. nidulans. 
RNA analyses were employed to quantify the expression levels of candidate genes 
involved in the regulation of the anti-fungivore resistance. The results of this chapter 
present first evidence that the intense feeding damage can lead to down-regulation of A. 
nidulans anti-fungivore defence.   
Chapter 4. Chemical interference competition, allelopathy, has been shown to affect 
detrimentally the fitness of filamentous fungi. The first aim of this chapter was to study 
the effect of fungal allelopathy on the molecular genetic and biochemical mechanisms of 
the anti-fungivore defence of A. nidulans. The second aim was to explore the consequence 
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of fungal allelopathy for the grazing success of D. melanogaster larvae. By quantifying 
the biochemical, molecular genetic and organismic dynamics of the tripartite fungus-
fungus-insect interaction it turned out that yeast volatile organic compounds substantially 
influenced the morphological and chemical phenotype of A. nidulans. Importantly, yeast 
allelochemicals inactivated the inducible resistance of the mould, which turned the fatal 
fungus into a suitable food source on which the larvae were able to develop into adult 
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Abstract 
Fungi like other organisms, frequently suffer interkingdom interactions, e.g. predation. In 
consequence, they have evolved physical and chemical resistance traits that may impair 
or repel predators. Chemical defence in fungi is thought to be mediated by fungal 
secondary metabolites. Some of them have been tested against different organisms, 
however, these assays do not reveal whether these compounds are indeed synthesized by 
fungi as an inducible anti-fungivore defence. Therefore, the aim of this work was to study 
the inducible anti-fungivore defence on fungi when exposed to grazing by means of 
changes at the transcriptome level. To investigate this, Aspergillus nidulans was exposed 
to the grazing of Drosophila melanogaster larvae. After larval grazing there were 
significant changes in the expression levels of several genes involved in secondary 
metabolism (e.g. laeA), signal transduction and oxylipin biosynthesis, which indicates the 
activation of anti-fungivore resistance mechanisms. Furthermore, Drosophila larvae 
exposed to previously grazed A. nidulans colonies died significantly earlier than larvae 
exposed to unchallenged colonies. Larvae developed normally when they fed on the 
chemical deficient mutant that lacks the global secondary metabolite regulator, LaeA, and 
hence the ability to produce several toxic compounds. This study therefore demonstrates 
that fungi have the potential to enhance anti-fungivore resistance in response to earlier 
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1. Introduction 
Fungi, as non-mobile organisms, are highly vulnerable to predation. As a consequence, 
fungi have evolved physical and chemical traits that mediate resistance against fungivory 
(Spiteller, 2008; Tanney and Hutchison, 2012). Chemical compound-based anti-
fungivore resistance has been suggested to be mediated by insecticidal secondary 
metabolites as the lack of such compounds in mutant fungi enhanced fungivore fitness 
(Rohlfs et al., 2007). Moreover, numerous pharmaceutical assays have revealed 
detrimental effects of such compounds against several insect species (Castillo et al., 1999; 
Ondeyka et al., 2003; Paz et al., 2011). However, the results of these assays do not show 
whether chemical compounds-based resistance is induced by the presence of fungivores, 
or whether they are synthesized constitutively regardless of fungivore presence.  
Regulation of fungal secondary metabolism is complex and involves several molecular 
pathways e.g. signal transduction, gene transcription regulation and hormonal signalling 
(Bayram et al., 2012; Brakhage, 2013; Tsitsigiannis and Keller, 2006). Before secondary 
metabolites can be synthesized, several essential genes have to be transcribed. One of 
these genes is called laeA (Bok and Keller, 2004). The laeA gene codes for the 
methyltransferase protein LaeA that is thought to contribute to the epigenetic control of 
secondary metabolite biosynthesis in A. nidulans as well as in many other filamentous 
fungi (Kosalková et al., 2009). This protein is of particular interest because, together with 
two of the velvet proteins, VeA and VelB, it forms the heterotrimeric velvet protein 
complex (LaeA/VeA/VelB) that coordinates secondary metabolite formation (Bayram et 
al., 2008). This complex is essential for the frequently observed synchronisation of 
secondary metabolism and sexual development in A. nidulans (Bayram and Braus, 2012; 
Bayram et al., 2008). Interestingly, the presence of this complex has been demonstrated 
in different filamentous fungi as well e.g. Fusarium and Penicillium (Hoff et al., 2010; 
López-berges et al., 2013).  
The velvet complex is activated by a mitogen-activated protein kinase (MpkB), which 
directly interacts with VeA in the nucleus (Bayram et al., 2012). These proteins 
(MAPKinases) receive the signals from G-protein coupled receptors that perceive 
external environmental stimuli. Together with MAPKinases, oxylipins, polyunsaturated 
fatty acids produced by the activity of dioxygenase enzymes coded by the so-called ppo 
genes, might also be involved in this signalling (Affeldt et al., 2012; Tsitsigiannis and 
Keller., 2007).  
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If grazing by fungivores induces changes in anti-fungivore resistance of a mould, these 
changes can be expected to be detectable on the level of transcription variation, which 
affects those genes that encode for the different molecular pathways underlying the 
regulation and biosynthesis of insecticidal secondary metabolites (Figure 1).  
 
Figure 1. Mechanisms underlying the regulation and biosynthesis of sterigmatocystin, a fungal 
secondary metabolite. Colours represent the different molecular “modules” involved in the A. nidulans 
phenotype. Violet represents signal transduction (MpkA), dark red represents transcription regulation 
(LaeA), grey represents secondary metabolite biosynthesis (StcA) and green represent oxylipin formation 
(PpoA). GPCRs receptors transmit the extracellular stimulus through protein kinases. Mitogen-activated 
proteins are involved in signal transduction e.g. MpkA, MpkB, HogA and PkaA. The MpkB positively 
influence mycotoxin biosynthesis because it interacts with VeA in the nucleus activating the velvet 
complex, complex that coordinates secondary metabolite biosynthesis in A. nidulans (Bayram et al., 2008). 
The PkaA protein negatively affects mycotoxins production by negatively regulating AflR, a pathway-
specific transcription factor for sterigmatocystin biosynthesis. Moreover, the protein kinase PkaA appears 
to regulate the ppoA,C genes. These genes code for the fatty acid oxygenases predicted to produce oxylipins. 
Oxylipins could be ligands of cell surface receptors activating downstream signalling cascades (Affeldt et 
al., 2012; Tsitsigiannis and Keller., 2007). They are involved in the regulation of sexual and asexual 
development and secondary metabolism in moulds of the genus Aspergillus (Bayram and Braus, 2012; 
Brakhage, 2013; Fernandes et al., 1998). 
Notably, several studies have shown that some of the mechanisms regulating fungal 
chemical diversity play an important role in anti-fungivore resistance. Differences in 
insect response have been observed by exposing the insects to A. nidulans wild type and 
to chemical deficient mutants. These differences, mainly based on insect fitness, 
demonstrate that fungal secondary metabolites mediate resistance against fungivores. For 
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example, a ΔlaeA mutant that lacks the expression of several secondary metabolites, (Bok 
and Keller, 2004), was preferred by Folsomia candida (Collembola) over the wild type 
fungus (Rohlfs et al., 2007). Moreover, the collembola also achieved higher fitness on the 
chemical deficient mutant strains. Likewise, a greater proportion of D. melanogaster 
larvae developed into adults on such chemical deficient mutants of several Aspergillus 
species (Trienens et al., 2010). The A. nidulans ΔveA mutant lacks veA gene. Like LaeA, 
VeA is also required for the synthesis of secondary metabolites as both proteins together 
with VelB form the velvet complex. Survival assays revealed that the A. nidulans ΔveA 
mutant caused minor mortality effects in D. melanogaster larvae relative to the wt. 
Moreover, A. nidulans ΔppoB, mutant lacking the ppoB gene coding for the fatty acid 
oxygenase involved in suppressing mycotoxin synthesis (Tsitsigiannis and Keller, 2006) 
caused higher larval mortality relative to the wild type. These findings directly link both 
proteins VeA and PpoB with the anti-fungivore resistance (Trienens and Rohlfs, 
2012).These studies thus provide genetic evidence for the often suggested role of fungal 
secondary metabolites in mediating resistance against fungivores (Rohlfs et al., 2007; 
Trienens and Rohlfs, 2012; Trienens et al., 2010). However, it is still unknown whether 
the anti-fungivore resistance is induced by fungivory.  
Saprophagus insects like Drosophila develop on decaying plant tissue where they interact 
with antagonistic and mutualistic fungi. Importantly, Drosophila flies play an important 
role as a vector dispersing unicellular yeast to new patches (Gilbert, 1980). This is of 
particular interest since yeast have only limited spore dispersal. Once yeasts have reached 
the new habitat, they grow rapidly and become an essential food source for the developing 
fly larvae (Stamps et al., 2012). In contrast, moulds are able to rich new patches by wind 
dispersion of conidia (asexual spore-like structures). Additionally, it is likely that 
Drosophila flies may contribute as well to dispersing filamentous fungi e.g. Aspergillus, 
Botrytis, and Penicillium to the D. melanogaster breeding sites (Batta, 2006; Louise et 
al., 1995).  
Interestingly, moulds generally have a negative impact on Drosophila larval 
development. The severity of this impact is determined by insect density, fungal species 
or fungal toxins (Hodge et al., 1999; Rohlfs et al., 2005a). Once moulds have invaded the 
larval habitat, they negatively affect larval fitness by increasing pre-adult mortality or 
seriously impairing the reproductive capabilities of those individuals that were able to 
develop into adult flies (Wölfle et al., 2009). Even though moulds have this detrimental 
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effect on the larvae, the insects are frequently found grazing on mould colonies (Rohlfs, 
2005b) (Figure 2). This phenomenon is probably due to a broad overlap of larvae being 
attracted by volatile organic compounds produced by both insect mutualistic yeast and 
antagonistic mould (Stötefeld, 2014). Nevertheless, despite the damage produced by the 




Figure 2. Drosophila melanogaster larvae grazing on A. nidulans colony. (A) D. melanogaster larvae 
are attracted to A. nidulans colonies. (B) D. melanogaster larvae eradicating hyphal tissue from an                 
A. nidulans colony. (C) Fungal growth under undisturbed conditions. Images were taken after 72 hours of 
fungal incubations at 25 °C on nutrient-poor fruit agar. Arena diameter: 10 mm.   
In this context, two novel suggestions were addressed in this chapter; (i) larval 
aggregation on mould colonies is an adaptive feeding response to extract essential 
nutrients from fungal tissue on an otherwise nutrient-poor fruit substrate. However, the 
ability of moulds to produce efficient insecticidal secondary metabolites confers strong 
resistance to fungivores and this negatively affects larval fitness (ii). Because larvae 
fitness is heavily affected when feeding on hyphae, it was hypothesized that moulds are 
able to enhance their anti-fungivore resistance by shifting their phenotype to a more 
resistant one that seriously impairs D. melanogaster larvae. In order to generate such a 
resistance phenotype, changes in the expression levels of different genes are required. 
Therefore, the expression levels of genes coding for proteins that positively influence the 
synthesis of insecticidal secondary metabolites are hypothesized to be up-regulated e.g. 
laeA. Whereas genes coding for proteins that negatively affect mycotoxin biosynthesis 
are expected to be down-regulated (Table 1). 
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Table 1.  
Genes potentially involved in the inducible anti-fungivore defence of Aspergillus nidulans against 










mpkA MAP Kinase Cell wall integrity signalling, 
polarized growth 
? 
mpkB MAP Kinase Coordination of development 
and secondary metabolism 
Up-regulation 
hogA MAP Kinase Osmotic stress response, sexual 
development and sporulation 
? 
pkaA Protein Kinase Conidiation, and secondary 
metabolite regulation 
Down-regulation 
Regulation of gene transcription  
laeA Methyltransferase-
domain protein 
Chromatin remodelling, control 
of development and secondary 
metabolism 
Up-regulation 
aflR C6 transcriptional 
activator 
Regulation of sterigmatocystin 
pathway gene expression (e.g. 
stcA) 
Up-regulation 
rmsA bZIP transcription 
factor, binds to aflR 
promotor region 
Regulation of sterigmatocystin 
pathway gene expression 
Up-regulation 
Oxylipin signalling        








Secondary metabolite biosynthetic genes 
stcA Polyketide synthase Sterigmatocystin biosynthesis Up-regulation 
ausA Polyketide synthase Austinol and dehydroaustinol 
biosynthesis 
? 
easB Polyketide synthase Emericellamides Biosynthesis ? 
ipnA Isopenicillin-N 
synthase 
Penicillin biosynthesis ? 
 
This chapter shows first data indicating that the grazing of D. melanogaster enhances the 
anti-fungivore resistance of A. nidulans. The inducible defence of A. nidulans was 
confirmed by substantial changes in the expression levels of several genes involved in 
signalling, oxylipin biosynthesis, and secondary metabolite regulation.  
2. Material and methods 
2.1. Culture of organisms and experimental conditions 
The D. melanogaster culture used in the experiments originated from 113 isofemale lines 
caught in Kiel, Germany, in 2006. Cultivation and generation of sterile larvae followed 
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standard methods (Trienens et al., 2010). A banana-agar medium (50% mashed 
banana/50% demineralised water, v/v) (Anagnostou et., 2010) was used for all the 
experiments except for the gene expression assays.  
The A. nidulans strains used in the experiments were a wild type (RDIT 2.3) and a 
chemical deficient ΔlaeA mutant (RJW 46.4). Both have the same veA1 genetic 
background (Bok and Keller, 2004). Cultivation of fungi and conidia for all the 
experiments follow published protocols (Trienens et al., 2010). Briefly, A. nidulans was 
cultured on sterilised malt extract agar medium (MEA) (9 g malt, 1.5 g peptone and 6 g 
agar in 300 ml deionised water) at 25°C and constant darkness. After 7 days, time enough 
to get mature conidia (asexually produced spores), the conidia were scraped off with a 
sterilized scoop into 5 ml of autoclaved ringer solution (2.58 g NaCl, 90 mg CaCl2, 105 
mg KCl in 300 ml deionised water) containing the surfactant Tween 80 (0.1 %). A 
haemocytometer (Neubauer Improved) was used to count and subsequently adjust the 
suspension to a titre of 1000 conidia per µl for organismic experiments and 10,000 conidia 
per µl for gene expression experiments. Conidia suspensions were not kept longer than 2 
weeks at 4°C.  
2.2. Insect-induced resistance to fungivory 
To test whether D. melanogaster larvae induce resistance in A. nidulans, the survival of 
larvae was compared when insect were exposed to untouched control colonies and to 
colonies previously challenged with conspecific larvae. For this test, 2 ml microtubes 
filled with banana agar were inoculated with wild type A. nidulans conidia (Anagnostou 
et al, 2010; Trienens et al., 2010). After 24 hours incubation a single larva was added to 
each tube. These larvae were removed after a further 24 hours and replaced by a new one. 
At the same time, larvae were added to unchallenged colonies. In addition, the survival 
of individual larvae in fungal free substrate under two treatments was recorded. One 
treatment was without previous feeding by conspecific larvae and the other with previous 
feeding. To test whether physical damage alone is sufficient to induce resistance in             
A. nidulans independently of larval foraging, a wounding treatment was included. For 
this, 36 hours after inoculation with conidia, the hyphal mats were touched four times 
with autoclaved needles to produce marks resembling the “feeding marks” left by larvae 
(Figure 3).  
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Figure 3. Effect of 20 hours D. melanogaster larval grazing on 48 hours old colony of A. nidulans 
compare to an A. nidulans unchallenged control colony. Thick hyphal mat of undisturbed A. nidulans 
(A) compared to larval damage (dark tracks) (B). Arrows point at the D. melanogaster larvae. Images were 
taken with stereomicroscope, Discovery V8, Zeiss, Germany, equipped with a digital camera system, 
AxioCam Icc1, Zeiss, Germany.  
Twelve hours later larvae were added. It was then recorded whether larvae were alive or 
dead every day for a maximum of 14 days after inoculation. 
2.3. Larval grazing on wild type and chemical deficient Aspergillus nidulans 
Experimental units containing wild type or chemical deficient ΔlaeA A. nidulans of 
different age were prepared (Anagnostou et al., 2010; Trienens et al., 2010). Fungal age 
at larval transfer was manipulated in order to provide different amounts of fungal tissue 
for the larvae. Ten first-instar larvae were added to each experimental unit and the unit 
was then sealed with a sterile cotton plug. In parallel, a mould-free control treatment and 
a treatment with yeast, Saccharomyces cerevisiae (Anagnostou et., 2010), were set up. 
There were n = 200 replicates in total with n = 20 replicates for each treatment. The 
number of emerging flies was counted and the time was recorded (days after larval 
transfer) when the flies eclosed from their puparia. Following established protocols 
(Trienens et al., 2010), mould growth was quantified by image analysis at 24, 48 and 72 
hours after the introduction of larvae.  
2.4. Aspergillus nidulans – Drosophila melanogaster confrontation assay for gene 
expression analysis. Fungal tissue handling and RNA extraction.  
Plates (Ø=35 mm) were filled with 3 ml of autoclaved MEA medium. Then a piece of 
sterilised cellophane was placed on the solid medium. The cellophane was used to ensure 
that only fungal tissue was scraped without traces of medium. This is important because 
the medium interacts with RNA precluding its isolation. To ensure that the fungal colony 
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was able to take up nutrients through the cellophane, the cellophane was cooked in KOH 
(1%) so increasing its porosity. Each plate was then inoculated with 100 µl conidia 
suspension from 10,000 conidia per µl suspension. There were thus ~106 conidia on each 
plate. Afterwards, the plates were rotated to spread the suspension across the whole 
cellophane. Plates were closed with lids and incubated for 24 hours at 25°C in constant 
darkness. Each single colony of 24 hour old fungal tissue was exposed to 40 
sterile D. melanogaster larvae for 24 hours. After this period, larval damage could be 
clearly seen as elongated “feeding marks” (Figure 3).  
For the RNA analysis, challenged fungal colonies with larval damage and unchallenged 
fungal colonies were scraped off with a scalpel and snap-frozen in liquid nitrogen. Liquid 
nitrogen was used because it is critical to rapidly inactivate endogenous ribonucleases 
prior to lyophilisation. Three fungal colonies were combined to generate one biological 
replicate. Finally there were 5 biological replicates for insect challenged fungal colonies 
and 5 biological replicates for unchallenged fungal colonies. Afterwards, the tissue was 
lyophilized for 24 hours with a lyophilizer (Zirbus VaCo 2, Germany). The lyophilized 
tissue was powdered with a mortar and pestle. For RNA isolation 10 mg tissue was treated 
with 1 ml TRIzol® Reagent (Ambion) according to the manufacturer’s instructions. Ten 
mg of tissue were enough to obtain RNA of sufficiently high quality. Possible genomic 
DNA contamination was removed by digestion with TURBO DNA-free (Ambion). RNA 
quantity and purity were determined by measuring absorbance at A260/280 with a plate 
reader (Tecan M200, Germany). RNA purity was shown by ratios of 1.8-2.0 of 
absorbance at A260/280 meaning that the RNA samples were free of organic contaminations 
e.g. proteins, organic compounds and others. RNA integrity was determined by 
formaldehyde de-naturating agarose gel (0.65 %). The intensity and the distance of the 
28S/18S bands verified intact RNA. Nevertheless, to ensure that the RNA samples were 
completely free of DNA contaminations after DNA digestion, a standard PCR combined 
with polyacrylamide (PAA) gel analysis was run. Because PAA gels are better for 
separation of low molecular weight fragments (80bp and 300bp), these were chosen to 
check for potential DNA contaminations. Routinely, no DNA bands were revealed on the 
gels meaning that RNA samples were free of genomic DNA. 
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Figure 4. A) Denaturating agarose gel electrophoresis analysis of RNA integrity from unchallenged              
A. nidulans samples (C1-C5) and challenged A. nidulans samples (D1-D5). The gel was stained with 
ethidium bromide and shows the 28S and 18S ribosomal RNA bands with a ratio of 2:1, which indicates an 
intact RNA. B) Polyacrylamide gel electrophoresis with 5 unchallenged A. nidulans samples, 2 negative 
control (water) and 1 positive control (A. nidulans DNA). PCR was ran with RNA samples after DNA 
digestion to ensure that no DNA contamination was present in the RNA samples. The absence of bands at 
the unchallenged samples (C1-C5) revealed that there were no DNA contaminations. Positive band of          
A. nidulans DNA control on the right side of the gel indicates that the PCR ran properly.  
2.5. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) 
Forward (F) and reverse (R) oligonucleotide primer sequences were designed with Primer 
Premier Software (Premier Biosoft) and synthesized and provided by Eurofins 
(http://www.eurofins.de). Primer sequences (Table 2) were free of introns, hairpins and 
dimers (self and cross dimers). Sequence information was retrieved from exon only 
sequences provided by http://www.aspgd.org/. BLAST searches were conducted for all 
primers using the NCBI GenBank database and http://www.aspgd.org/ to ensure 
specificity of amplification. Gel electrophoresis of PCR products detected single bands 
of the expected size (Figure 5). Additionally, melting curve analysis of all PCR products 
was carried out via qRT-PCR. All PCR products were sequenced to ensure that only gene 
products of interest were amplified.  
Figure 5. Agarose gel electrophoresis 
analysis of A. nidulans PCR products 
for amplicon size verification. Primer 
sequences were designed with Primer 
Premier Software (Premier Biosoft) and 
the amplicon sized predicted by the 
software was verified by running the 
PCR products into an agarose gel 
electrophoresis and compare them with 
the 50 bp DNA ladder bands (Qiagen).  
 
Chapter 2 Induced fungal resistance to insect grazing 31 
 



























































































183 bp cDNA 81.2 
 
Because insect grazing has been suspected to affect the constancy of housekeeping-genes 
expression in plants (Rehrig et al., 2011), an external luciferase control RNA spike 
(Promega, L4561) was used for normalizing candidate RNA quantification rather than 
common fungal house-keeping genes. Luciferase primer sequences were blasted against 
the A. nidulans genome and no homologues were found. The qRT-PCR was done in a 
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Strategen Mx3000P engine (Agilent) using SYBR Green (Lonza) under following PCR 
conditions: 50 °C to activate the reverse transcriptase for 30´, 94 °C to activate the 
HotStarTaq DNA Polymerase for 15´, followed by 35 cycles of 95 °C denaturation for 
30´´, 56 °C annealing for 30´´, 72 °C extension for 30´´. A final 10´ extension at 72 °C 
followed by a complete melting curve analysis from 72 °C to 95 °C was conducted to 
verify that only target genes were amplified and to ensure the absence of primer dimers.  
PCR efficiencies (E), threshold fluorescence (RCT-values), and initial fluorescence (R0) 
were determined directly from the PCR kinetic curves using LinRegPCR 12.12 
(http://LinRegPCR.HFRC.nl) (Ruijter et al., 2009). To compare the expression of 
candidate genes in unchallenged and D. melanogaster fungivory samples, R0 which is the 
equivalent of the initial amount of candidate mRNA in a sample was used (Schefe et al., 
2006). For the results of each qRT-PCR the quantity equivalent, R0, of the candidate gene 
was considered relative to independent R0 for the reference gene. The resulting Rnorm 
(unchallenged) is the initial fluorescence of the candidate gene normalized to the 
reference gene in the unchallenged sample and Rnorm (D. melanogaster larval grazing) is 
that in the insect-challenged sample. 
2.6. Statistical analyses 
Larval developmental success, fungal growth, and daily larval survival were analysed 
using generalized linear models in SAS 9.3 (Trienens et al., 2010). Two factors are likely 
to affect overall variation in the expression of candidate A. nidulans genes. These are 
fungivory by D. melanogaster larvae and constitutive gene-specific differences. In order 
to test the effect of larval fungivory separately from that of constitutive gene-specific 
differences, gene-specific effects were removed by standardizing individual R0 values. 
To do this, the mean R0 for all replicates of candidate gene x was subtracted from the 
individual R0 of each candidate gene x. The resulting values were subsequently divided 
by the standard deviation for all replicates of candidate gene x (Sokal and Rohlf, 1995). 
Because normality and variance homogeneity criteria were not met, standardized 
R0 values to ranks were assigned to achieve both normality and homogeneous variances. 
A multivariate general linear model was applied to test the influence of D. melanogaster 
feeding on A. nidulans gene expression. The factor “insect treatment” was nested within 
“technical replicate” to account for variation between technically replicated qRT-PCR 
runs. 
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3. Results 
3.1. Insect-induced resistance to fungivory 
To test whether insect-damage A. nidulans colonies impair D. melanogaster larvae more 
efficiently than those that had not been fed on, single larvae were exposed to wild type 
colonies that (i) had been previously confronted with conspecific larvae, (ii) remained 
undisturbed or (iii) were artificially wounded. The effect of fungi on daily larval mortality 
was compared to mortality rates on fungal-free fruit substrate. Cox regression analyses 
revealed a grand effect of fungal infestation (²=14.02, P=0.0002) and a significant 
interaction between fungal infestation and whether or not the mould had been challenged 
(²=4.09, P=0.0432) (Figure 3). Compared to mould-free condition, substrate infestation 
with A. nidulans significantly increased larval mortality rates (Wald ²=29.02, P<0.0001, 
hazard ratio: 4.02). In addition, the preceding presence of conspecifics further increased 
the chance of dying (Wald ²=16.72, P=0.0005, hazard ratio=3.25). However artificial 
wounding of mould colonies did not affect the mortality rates (Wald ²=0.10, P=0.7556). 
Mortality rates were also unaffected by earlier feeding by conspecifics in mould-free fruit 
agar (Wald ²=0.1732, P=0.6773). Aspergillus nidulans is thus phenotypically plastic in 









Figure 6. Insect grazing enhances the ability of Aspergillus nidulans to kill Drosophila melanogaster 
larvae. Daily survival of larvae exposed to mould colonies that were previously treated with conspecific 
larvae (DF), artificially wounded (WO), or remained untouched (UC). Fungal free fruit substrate without 
(control I) and with preceding presence of larvae (control II) were included to assess background mortality 
rates on the nutrient-poor fruit substrate. 
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3.2. Aspergillus nidulans gene expression response to Drosophila melanogaster larval 
grazing 
The mRNA levels of several genes were quantified to test whether induced resistance to 
insect grazing is accompanied by differential expression of genes known to be involved 
in determining the (chemical) phenotype of A. nidulans (Figure 1, Table 1). The 
expression of genes representative of the different molecular “modules” putatively 
involved in resistance to fungivores was indeed affected by D. melanogaster larval 
grazing (Figure 7). These genes have functions in secondary metabolite gene expression 
regulation, secondary metabolite biosynthesis, oxylipin formation, and signal 
transduction. Twelve out of the 13 genes tested were significantly up-regulated. Only 1 
biosynthetic gene was not differentially expressed (Figure 7). This gene encodes an early 
step of the sterigmatocystin pathway (stcA). Even though expression of some of the 
candidate genes were expected to be repressed by fungivory (e.g. ppoC or pkaA, see 
Figure 1 and Table 1), they exhibited significantly enhanced expression when A. nidulans 
was exposed to grazing. This data indicates the induction of a substantial fungal 
phenotypic shift in response to insect grazing. 
Figure 7. Influence of Drosophila melanogaster larval grazing on Aspergillus nidulans gene 
expression. Gene expression differences between wild type A. nidulans exposed to D. melanogaster larval 
grazing (filled bars) and unchallenged (open bars) colonies. Mean values are shown for initial SYBR green 
fluorescence amount (R0) proportional to initial amount candidate gene mRNA in the qRT-PCR runs (N = 5 
per treatment). Colours represent different molecular “modules” involved in determining the fungal 
phenotype: transcription regulation (dark red), secondary metabolite biosynthesis (grey), oxylipin 
formation (green), signal transduction (violet) (see Figure 1 for details). Data were transformed to eliminate 
gene-specific variation in expression differences and to achieve normality and variance homogeneity. 
Statistics refer to results of the between-subject effect analysis of the multivariate nested analysis of 
variance on ranks; Drosophila larval grazing had an overall effect on fungal gene expression, P = 0.025. 
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3.3. Larval grazing on wild type and chemical deficient Aspergillus nidulans 
To test whether the LaeA-dependent ability of resisting fungivore attack is the key fungal 
trait that deters D. melanogaster larvae from using A. nidulans as food, we offered larvae 
a chemical deficient ΔlaeA or a wild type A. nidulans strain as the only micro fungal diet 
on sterile fruit substrate and recorded larval development and fungal growth. Wild type 
A. nidulans strain scarcely supported development to the adult (Figure 8A) and fungal-
free control substrate did not support development at all (data not shown). In contrast, 
larvae developed into adult flies on the chemical deficient ΔlaeA mutant strain, yet 
survival was not as high as on fruit agar infested with S. cerevisiae (Figure 8B). Survival 
was very low in the treatment where A. nidulans had no developmental “head start”, and 
the initial fungal biomass was virtually zero (generalised linear model, P<0.0001). Even 
though survival probabilities were the same in the other ΔlaeA A. nidulans treatments, 
development time to the adult stage was negatively related to fungal age and hence the 
amount of fungal food available to the larvae (P<0.0001; Figure 8C). Compared with 
development on 3 day old A. nidulans, time to adult exclusion was significantly shorter 
when larvae were offered S. cerevisiae (P<0.0001). 
 
Figure 8. Reciprocal fitness consequences of Drosophila melanogaster larval feeding on Aspergillus 
nidulans. (A) and (B) Mean survival of D. melanogaster larvae to the adult stage on wild type, chemical 
deficient ΔlaeA a. nidulans, and yeast Saccharomyces cerevisiae. Availability of potential A. nidulans food 
to larvae was controlled by varying the time between inoculation of conidia and transfer of larvae 
(A. nidulans age: 0 to 3 days). Initial yeast inoculum was 1000 cells. (C) Mean larva-to-adult development 
times on ΔlaeA and S. cerevisiae. (D) and (E) Mean suppression of wild type and ΔlaeA A. nidulans surface 
growth relative to undisturbed control colonies 24, 48 and 72 hours after the transfer of larvae. Δ-values 
may range from 0 (no suppressive influence of insect grazing relative to undisturbed colonies) to -1 (100% 
suppression of mould development). See text for statistical details. 
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Larvae strongly suppressed the development of ΔlaeA, and the fungus did not recover, 
e.g. there was no positive relationship between changes in fungal growth and time (24, 
48, 72 hours) after larval transfer. Although hyphal fragments were visible, the 
development of aerial hyphae was almost eliminated in zero to 2 day old colonies (Figure 
8E). Aerial hyphae were clearly visible in 3 day old colonies but suppression tended to 
increase over time (repeated mixed model, P=0.0025; Figure 8E). Moreover, we observed 
no conidiophore (asexual reproductive organs) formation in insect-challenged colonies. 
The wild type strain, however, was less strongly affected and clearly recovered from 
larval feeding activity with increasing time (P<0.0001; Figure 8D). All replicate colonies 
also developed conidiospores. 
In contrast to the generally negative influence of insects on mould growth, the dietary 
yeast S. cerevisiae reached higher cell population densities when exposed to                         
D. melanogaster larvae feeding compared to a non-insect treatment (see Figure 9).  
 
Figure 9. Saccharomyces cerevisiae cell population development with and without the influence 
of Drosophila melanogaster larval feeding. To quantify the influence of D. melanogaster fungivory on 
growth of S. cerevisiae, 2 ml tubes filled with 1 ml banana agar were inoculated with 10,000 cells 
of S. cerevisiae (DSM 70449) in 1 µl NaCl solution. After inoculation, 10 D. melanogaster larvae were 
added to each tube. From three cohorts (after 24, 36 and 48 hours incubation) of N = 7 randomly chosen 
replicates for each treatment yeast cells were washed off the substrates surface. For this, the same 1 ml 
saline solution was pipetted 15 times into each tube to flush out the yeast cells. Yeast cell population sizes 
were analyzed with the BD AccuriC6 Flow Cytometer (BD Biosciences, USA). It was specified a fast flow 
rate and set the run limits to 10,000 events. Compared to larval-free yeast control washes it was specified 
the polygonal area for particle quantification. Generalized linear model; larvae, time, larvae*time 
interaction, all P < 0.0001; post hoc comparison at time 48 h, larvae: P < 0.0001. 
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Thus, these results reveal two important aspects of Drosophila fungivory: (i) filamentous 
mould, if impaired in secondary metabolite production, can serve as a suitable but rapidly 
diminishing resource, and fungivory entails costs of strong insect competition, (ii) 
unicellular yeast is a re-growing food source that is effective in mediating high insect 
fitness. 
4. Discussion 
Results from this chapter demonstrate the ability of A. nidulans to kill D. melanogaster 
larvae more rapidly when the mould colony has been previously exposed to insect 
grazing. Artificially wounded A. nidulans colonies did not affect the mortality rates of     
D. melanogaster, suggesting the existence of insect-specific “elicitors” involved in the 
anti-fungivore fungal resistance. In plant-herbivore interactions it has been demonstrate 
that herbivore-specific elicitors trigger the anti-herbivore defence in plants (Mattiacci et 
al., 1995; Turlings et al., 2000), however, fungivore-specific elicitors remain unknown. 
Despite the need to identify the nature of such elicitors in the Drosophila system, it would 
be of interest to explore whether different fungivores produce differences in the inducible 
anti-fungivore defence, as different fungivores may have different elicitors.     
The gene expression data obtained from A. nidulans colonies challenged with                      
D. melanogaster larvae shows that the enhanced capacity of the fungus to kill the insects 
is accompanied by a fundamental shift in the expression levels of candidate genes. Twelve 
of 13 genes were significantly up-regulated, where laeA gene was of particular interest as 
it has been frequently suggested to play an important role in mediating the anti-fungivore 
resistance of A. nidulans (Stötefeld et al., 2012; Trienens et al., 2010). Additionally, the 
expression levels of different genes involved in coordinating the biosynthesis of 
secondary metabolites were significantly up-regulated in the challenged mould colonies 
e.g. rsmA and aflR. The rsmA gene is of special interest because it has been recently 
shown to be involved in direct regulation of the sterigmatocystin gene cluster. 
Overexpression of rsmA enhances sterigmatocystin biosynthesis, which leads to strong 
feeding avoidance by fungivorous collembolans (Yin et al., 2012); sterigmatocystin also 
negatively affects D. melanogaster development (Trienens and Rohlfs, 2011). In addition, 
the aflR gene encodes for a binuclear zinc cluster (Zn(II)2Cys6) transcription factor 
regulating transcription of the sterigmatocystin biosynthetic genes (Brown et al., 1996; 
Fernandes et al., 1998) and the enhanced expression of this gene in insect-challenged 
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colonies suggests that the machinery involved in the synthesis of sterigmatocystin is 
activated. However, the stcA gene encoding for an early biosynthetic enzyme of the 
sterigmatocystin cluster was not differentially expressed, which contradicts the above 
interpretation of the observed changes in the expression of aflR. It could well be though 
that biosynthetic genes of the sterigmatocystin cluster are activated in somewhat older 
fungal colonies. qRT-PCR analyses of such colonies, however, would require the 
development of new protocols that separate efficiently melanin and other pigments from 
fungal RNA. Pigments produced by moulds older than 48 hours co-purifies with RNA, 
which is still a technical problem difficult to overcome without accepting serious 
impairment of the PCR reactions. 
Even though sterigmatocystin has been proposed to be the most relevant A. nidulans 
compound mediating resistance against fungivores, other compounds possibly play an 
even more important role. The work recently published by Trienens and Rohlfs (2012) 
demonstrates that mutants lacking specific steps along the sterigmatocystin pathway were 
even more detrimental to the fungivores than the wild type. Therefore, Trienens and 
Rohlfs (2012) suggested that there must be other compounds involved in fungal defence. 
This assumption is supported by the results in this chapter where genes encoding enzymes 
of other secondary metabolite pathways e.g. easB, ausA and ipnA were significantly up-
regulated in the Drosophila treatment. The easB gene codes for a putative polyketide 
synthase required for emericellamides biosynthesis (Chiang et al., 2008) and ipnA codes 
for the isopenicillin-N-synthase involved in penicillin biosynthesis (Maccabe et al., 
1990). Moreover, the polyketide synthase gene ausA, is involved in the formation of 
meroterpenoids, austinol and dehydroaustinol (Lo et al., 2012). Interestingly, penicillin 
and emericellamides, have antimicrobial properties (Fleming, 1929; Oh et al., 2007; 
Sanchez et al., 2012) and fungal meroterpenoids have been shown to exhibit neurotoxicity 
to insects (Kataoka et al., 2011). The up-regulation of the transcription levels of these 
genes suggest that the grazing of D. melanogaster activates several secondary metabolite 
pathways that have been recently discovered in fungi (Nielsen et al., 2011). The apparent 
activation of the penicillin pathway might be related to anti-bacterial defence since 
wounding by fungivores may provoke the entrance of parasitic bacteria.   
Independently of their demonstrated role in the biosynthesis of secondary metabolites 
(Figure 1, table 1), the expression of genes involved in MAPKinases (mitogen activated 
protein kinases) and PKA (protein kinase A) signalling (mpkB, mpkA, hogA and pkaA) 
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was enhanced in D. melanogaster-challenged A. nidulans colonies. Although protein 
kinase activity measurements are required for disentangling the relative contribution of 
each signalling cascade to the induced phenotype, this data suggest that insect fungivory 
triggers a reshuffle of large parts of the signalling network. Here it is postulated that 
accumulation of signal amplifiers is a prerequisite for enhanced defence gene expression 
and development of induced resistance to fungivores (Conrath, 2011).  
The expression levels of ppoC and ppoA genes coding for the dioxygenase enzymes 
involved in the oxylipin production were enhanced in the challenged colonies. These 
molecules are implicated in cell communication but also in secondary metabolite 
formation. Therefore, the changes observed in the oxylipin profile suggest that these 
compounds may play a role in mediating resistance to fungivory. Interestingly, PpoC 
derived fatty acid oxygenase is involved in the biosynthesis of 1-octen-3-ol (Brodhun et 
al., 2010) and has neurotoxic effects in D. melanogaster (Inamdar et al., 2010). In 
addition, overexpression of ppoA amplifies mycotoxin production and is accompanied by 
higher D. melanogaster larval mortality, relative to the wild type (Trienens and Rohlfs, 
2012).  
Notably, by deleting genes coding for proteins involved in the velvet complex 
(LaeA/VeA/VelB) like LaeA and VeA (Trienens and Rohlfs, 2012; Trienens et al., 2010) 
it was demonstrated that these genes appear to be essential for the anti-fungivore defence 
since the mutants ΔlaeA and ΔveA caused only minor mortality effects in the                         
D. melanogaster larvae. The larvae were able to exploit A. nidulans as food on an 
otherwise nutrient-poor fruit substrate when the fungus is unable to respond to feeding by 
expressing laeA. Compared to the S. cerevisiae, however, the chemical deficient                 
A. nidulans is a rapidly diminishing fungal food that causes strong larval competition.  
For persistence of mould in the face of insect grazing it probably requires a certain degree 
of maintenance of fungal tissue integrity. Tissue integrity appears to be completely 
disrupted, however, by the D. melanogaster larvae and their movement through the 
medium prevents the re-growth of the fragmented fungal tissue. The dramatic 
consequences of fungivory on undefended mould, as well as for the chemical deficient 
mutant, would have favoured the evolution of efficient, secondary metabolite-based 
resistance to insect grazing. Strong chemical defences have been proposed as being 
typical for many filamentous fungi exploiting short-lived resources on which they face 
interactions with multiple antagonists (Cray et al., 2013).  
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In conclusion, the experiments shown in this chapter provide strong evidence of an 
adaptive connection between induced fungal resistance and the expression of genes 
involved in signal transduction, epigenetic regulation and secondary metabolite 
biosynthesis pathways. The filamentous fungus A. nidulans is able to perceive insect 
grazing, possibly by insect-specific elicitors, and turns its phenotype into a more 
detrimental one that is better able to keep fungivores in check. In contrast to the growth 
stimulating effect of insect feeding activity on a mutualistic yeast, effective eradication 
and ingestion of the A. nidulans ΔlaeA chemical deficient mutant by the insect larvae 
suggests that induced resistance in the mould may have evolved in response to an 
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Abstract 
To reduce the impact of predatory animals fungi, like many other organisms have evolved 
physical and chemical resistance traits that either repel or kill fungivores. Parts of fungal 
secondary metabolite production and its underlying regulatory mechanisms are thus 
thought to be the outcome of a co-evolutionary process with fungivorous animals. This 
view has been supported by demonstrating that grazing by arthropods induces such 
resistance mechanisms on the level of fungal gene expression, metabolite formation, and 
morphology. Compared to these findings another study has shown that collembolans 
feeding at high densities achieved higher fitness than feeding individually. The more 
severe feeding damage caused by animal groups has been suggested to suppress the anti-
fungivore defence. Based on this finding it is hypothesized that the anti-fungivore defence 
response of the mould Aspergillus nidulans depends on variation in fungivore feeding 
damage. In particular, it is hypothesized here that severe feeding damage caused by the 
grazing of the isopod Oniscus asellus either suppresses or down-regulates the 
mechanisms underlying the anti-fungivore defence. To test this hypothesis, the expression 
levels of two candidate genes involved in the regulation and biosynthesis of secondary 
metabolites were studied by RNA analysis. The results of this study indicate that grazing-
induced fungal responses strongly depend on fungivore identity, and suggest a negative 
relationship between the severity of feeding damage and the capacity of the fungus to 
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1. Introduction 
Fungi suffer predation from different fungivores. This predation reduces the fitness of the 
fungi and, consequently, fungi have evolved physical and chemical defences to resist 
fungivore attacks (Böllmann et al., 2010; Spiteller, 2008; Tanney and Hutchison, 2012). 
The mechanisms underlying fungal chemical defences are inducible, as indicated by 
changes in gene expression, metabolite formation and morphology (Bleuler-Martínez et 
al., 2012; Döll et al., 2013; Nielsen et al., 2013). Notably, these changes lead to an 
increase in the resistance to fungivore grazing (Döll et al. 2013, chapter 2).   
Therefore, fungal responses to grazing appear to resemble the many induced defence 
responses observed in plants upon herbivore attack (Karban and Baldwin, 1997). 
Interestingly, herbivory may also suppress plant defences, in particular, when plant 
feeding insects attack at high densities. Suppressing host plant defence by group-feeding 
in consequence results in a positive relationship between density and herbivore fitness 
(Hambäck, 2010). A comparable density-fitness relationship occurs in the collembolan 
Folsomia candida grazing on the mycotoxigenic mould Aspergillus nidulans (Stötefeld 
et al., 2012), a partially positive relationship between collembolan growth rate and density 
was observed when the animals fed on individual A. nidulans colonies. Curiously, this 
positive relationship was not observed when the collembolans were allowed to feed on a 
chemical deficient mutant that lacks the formation of many toxic metabolites. Stötefeld 
et al. (2012) hypothesized that collembolans at low densities, causing only minor feeding 
damage to the mould, induce an efficient fungal chemical defence response. However, 
more severe grazing damage, caused by fungivores at higher densities, may induce 
suppression of such a fungal response.  
The aim of this work was to test whether the fungal response to feeding, in relation to 
inducible resistance (Chapter 2), depends on variation in fungivore feeding damage. In 
order to test this, the isopod, Oniscus asellus was used. These animals, in preliminary 
experiments, caused within a comparatively short time, different degrees of damage. This 
variation in fungivore feeding activity allowed to classify low and high feeding damage. 
This classification was used to address two novel suggestions: (i) In analogy to the 
findings shown in chapter 2, it is hypothesized that low feeding damage triggers the 
activation of anti-fungivore resistance mechanisms (Figure 1). (ii) Based on the 
previously observed positive relationship between fungivore fitness and fungivore 
density when feeding on A. nidulans (Stötefeld et al., 2012), it is hypothesized that high 
Chapter 3              Fungal response to variation in fungivore feeding damage 48 
 
feeding damage either suppresses the activation of mechanisms mediating inducible 
resistance, meaning that the fungi are not able to launch a defence response. 
Consequently, the inducible mechanisms underlying anti-fungivore resistance remain at 
the same level as if there was no grazing (i.e. constitutive level of anti-fungivore 
resistance). Alternatively, the fungus may down-regulate the anti-fungivore resistance 
mechanisms, meaning that the resistance level drops below the level of constitutive anti-
















Figure 1. Hypothetical changes in anti-fungivore resistance as a function of fungivore feeding 
damage. Dashed line represents constitutive anti-fungivore resistance without the influence of grazing. 
Under the first hypothesis at low feeding damage, anti-fungivore resistance is enhanced, but at high feeding 
damage it is supressed to the level of the constitutive defence (blue line, hypothesis (i)). Under the second 
hypothesis at low feeding damage, resistance is equally enhanced but at high feeding damage, it is down-
regulated (green line, hypothesis (ii)).  
Based on their demonstrated role in mediating inducible resistance to fungivory, the 
changes in expression of the two “anti-fungivore” candidate genes, laeA and aflR were 
analysed. The laeA gene encodes for LaeA, a putative methyltransferase, which is 
involved in global regulation of secondary metabolites. The aflR gene encodes for a 
binuclear pathway-specific transcription factor that triggers the activation of the 
sterigmatocystin biosynthetic genes (Chang et al., 1993; Fernandes et al., 1998; 
Woloshuk et al., 1994). Sterigmatocystin has strong anti-fungivore properties. By using 
a laeA-deletion mutant different studies have shown a functional relationship between 
global secondary metabolite regulation and anti-fungivore defence. This chemical 
deficient mutant has a positive effect on fungivore fitness when compared with the 
Chapter 3              Fungal response to variation in fungivore feeding damage 49 
 
influence of toxin-producing wild type A. nidulans (Rohlfs et al. 2007; Trienens et al. 
2010, chapter 2).  
In this chapter it is shown that the transcription levels of both candidate genes laeA and 
aflR were significantly down-regulated at high feeding damage. Contrary to was 
expected, transcription levels of laeA and aflR were not significantly different from 
unchallenged control colonies when O. asellus caused low feeding damage on the 
filamentous fungi. This study thus provides first experimental evidence that the 
inducibility of fungal defence cannot only be suppressed by infliction of high feeding 
damage, but that the mechanisms mediating anti-fungivore resistance are even down-
regulated relative to their constitutive expression in unchallenged fungi. 
2. Materials and methods 
2.1. Oniscus asellus as a fungivorous arthropod  
Aspergillus nidulans was exposed to the isopod O. asellus to test for variation in fungal 
responses to differences in fungivore feeding damage. Preliminary experiments showed 
that the isopods feed readily on the mould and cause a varying degree of feeding damage 
within a relatively short time. Adult animals were collect in the Göttingen forest and kept 
at ambient laboratory conditions in plastic boxes lined with plaster of Paris. Prior to the 
experiments the animals were kept for about three weeks in the lab and fed with dried 
baker’s yeast.  
2.2. Culture of Aspergillus nidulans 
Aspergillus nidulans was cultured following published protocols (Trienens et al., 2010). 
In brief, A. nidulans was inoculated in MEA at 25°C and constant darkness. After 7 days, 
mature conidia were scraped off with a sterilised scoop and 5 ml of autoclaved ringer 
solution. Afterwards conidia suspension was counted and adjusted to a titre of 10,000 
conidia per µl.  
2.3. Handling of Aspergillus nidulans and fungus-fungivore confrontation assay 
Plates (Ø=35 mm) were filled with 3 ml of autoclaved MEA medium and a piece of 
sterilised cellophane was place over the surface of the solid medium. Then each plate was 
inoculated with 100 µl conidia suspension. Afterwards, the plates were rotated to spread 
the suspension across the whole cellophane. Plates were closed with lids and incubated 
for 24 hours at 25°C in constant darkness (See chapter 2 for more details).  
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Each single colony of 24 hours old fungal tissue was exposed to a single isopod for about 
1-3 hours. After this period, isopod damage could easily be identified as feeding marks 
(Figure 2). Feeding damage produced by the isopod was monitored every 30 minutes. 
Because the damage was easily seen, the plates were monitored by direct observation. 
Low feeding damage was obtained within 10 minutes. To obtain high feeding damage, 
colonies were exposed to grazing for up to three hours. The isopods were removed from 
the plates once the desired feeding damage was obtained. After the isopods were removed, 
fungal colonies were incubated for approximately 24 hours at 25°C in constant darkness. 
The feeding damage was quantified using ImageJ software.  
 
 
Figure 2. Feeding damage produced by Oniscus asellus. (A) O. asellus feeding on 24 hours old colony 
of A. nidulans. The feeding damage was produced within 10 minutes. The image was taken with a 
stereomicroscope, Discovery V8, Zeiss, Germany, equipped with a digital camera system, AxioCam Icc1, 
Zeiss, Germany. (B) A colony of A. nidulans wounded by one individual of O. asellus after 24 hours of 
“recovering”. Arrows point at the cellophane used to separate the fungal colony from the medium (plate 
diameter 35 mm). The image was taken with a digital camera, DCS-W170 (Sony, Japan). 
2.4. Handling of fungal tissue for RNA extraction and gene expression analysis 
Challenged fungal colonies with low and high feeding damage and unchallenged fungal 
colonies were scraped off with a scalpel and snap-frozen in liquid nitrogen. Each colony 
represented a biological replicate, having finally 21 biological replicates. Seven 
biological replicates were classified as low feeding damage, 7 biological replicates were 
classified as high feeding damage and 7 unchallenged fungal colonies were classified as 
control. Afterwards, the tissue was lyophilized for 24 hours with Zirbus VaCo 2, 
Germany. Fungal tissue lyophilisation, RNA isolation, DNA digestion, RNA analyses for 
purity and integrity and verification of DNA contamination in the RNA samples was done 
Chapter 3              Fungal response to variation in fungivore feeding damage 51 
 
in the same manner as described in chapter 2. Briefly, fungal lyophilized tissue was 
powdered and 10 mg were treated with 1 ml of TRIzol® Reagent (Ambion). DNA 
contaminations were removed by digesting the DNA with TURBO DNA-free (Ambion). 
Purity and quantity of RNA samples was determined by measuring absorbance at A260/280 
with a plate reader (Tecan M200, Germany). RNA integrity was determined by 
formaldehyde de-naturating agarose gel (0.65 %). Afterwards, a standard PCR and PAA 
gels were run to ensure that no DNA contaminations remained in the RNA samples.  
2.5. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) 
Quantitative real-time RT-PCR was essentially done in the same manner as described in 
chapter 2. Shortly, forward and reverse primer sequences were designed with Primer 
Premier Software and delivered by Eurofins. BLAST searches were conducted for all 
primer sequences to ensure the specificity of amplification. Afterwards, gel 
electrophoresis and melting curve analysis of all PCR products were run. Moreover, all 
PCR products were sequenced to ensure that only gene products of interest were amplified 
(See chapter 2 for more details). The genes studied in this experiment were laeA and aflR. 
Table 1 lists the primer sequences used in this experiment. 
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An external luciferase control RNA spike was used for normalizing candidate RNA 
quantification (See chapter 2 for details). The qRT-PCR was done in a Strategen 
Mx3000P engine (Agilent) using SYBR Green (Lonza) under following same PCR 
conditions described in chapter 2. PCR efficiencies (E), threshold fluorescence (RCT-
values), and initial fluorescence (R0) were determined directly from the PCR kinetic 
curves using LinRegPCR 12.12 (http://LinRegPCR.HFRC.nl) (Ruijter et al., 2009).  
To compare the expression of candidate genes in unchallenged and isopod fungivory 
samples, R0 which is the equivalent of the initial amount of candidate mRNA in a sample 
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(Schefe et al., 2006) was used. For the results of each qRT-PCR the quantity equivalent, 
R0, of the candidate gene was considered relative to independent R0 for the reference gene. 
The resulting Rnorm (unchallenged) is the initial fluorescence of the candidate gene 
normalized to the reference gene in the unchallenged sample and Rnorm (isopod grazing) 
that in the isopod-challenged sample. 
2.6. Statistical analyses 
In order to test the effect of isopod fungivory separately from that of constitutive gene-
specific differences, gene-specific effects were removed by standardizing individual R0 
values. For that purpose, the mean R0 for all replicates of candidate gene was subtracted 
from the individual R0 of each candidate gene. The resulting values were subsequently 
divided by the standard deviation for all replicates of candidate gene (Sokal and Rohlf, 
1995). Because normality and variance homogeneity criteria were not met, the 
standardized R0 values were ranked and a multivariate general linear model of analysis 
of variance (MANOVA) on ranks was carried out.  
3. Results  
3.1. Fungivore feeding damage  
The feeding damage caused by the isopods on A. nidulans colonies ranged from 0.7%-
5% (category “low feeding damage”) to 20-50% (category “high feeding damage”) 
(Figure 3 and 4).  
 
  
Figure 3. Low and high feeding damage on Aspergillus nidulans colonies caused by Oniscus asellus. 
The images show 48 hours old colonies of A. nidulans after being confronted with O. asellus. (A) Colony 
with low feeding damage. The damage was produced in less than 10 min. (B) Colony with high feeding 
damage. The damage was produced in less than 3h. Images were taken with a digital camera, DCS-W170 
(Sony, Japan). Arrows point at the feeding damage. 
Chapter 3              Fungal response to variation in fungivore feeding damage 53 
 
 
Figure 4. Feeding damage caused by single Oniscus asellus per Aspergillus nidulans colony. For 
colonies 1 to 7, feeding damage ranged between > 0% and 5% (the “low feeding damage” treatment); for 
colonies 8 to 14, feeding damage ranged between 20% and 50% (the “high feeding damage” treatment).  
After 24 hours of incubation, it was possible to observe that new hyphae were re-growing 



















Figure 5. Fungal colony of Aspergillus nidulans re-growing after being damage. Arrows point at new 
hyphae at the periphery of the wounded fungal tissue formed after the isopod feeding attack. Image was 
taken with stereomicroscope, Discovery V8, Zeiss, Germany, equipped with a digital camera system, 
AxioCam Icc1, Zeiss, Germany. 
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3.2. Aspergillus nidulans gene expression response to Oniscus asellus feeding damage 
The mRNA levels of laeA and aflR genes quantified at low and high feeding damage and 
control treatment revealed a damage dependent response in the fungi (Figure 6). The full 
multivariate analysis of variance (MANOVA) model on ranks shows that feeding damage 
variation had a significant overall effect on candidate gene expression (Wilks´ lambda 
F4,34= 4.062, P=0.008). Separate univariate ANOVAs on the outcome variable revealed a 
significant effect of fungivore damage variation on both candidate genes (Figure 6).   
 
Figure 6. Box-plots depicting Rnorm values of aflR and laeA gene expression as a function of feeding 
damage, control (no damage), low, and high. Solid lines indicate medians.  
In order to test how treatments differ from each other, a multiple comparison based on 
Dunnett T3 post-hoc test was used. At low feeding damage, neither gene was 
differentially expressed compared to the control (Figure 6). However, at high feeding 
damage the RNA levels of both genes was significantly lower relative to the control, laeA 
(P< 0.001) and aflR (P=0.001).  
4. Discussion 
Strong feeding damage caused by O. asellus caused a drop in the expression of candidate 
“anti-fungivore” genes laeA and aflR below the level of their constitutive expression in 
undamaged colonies. No response was detected in fungi exposed to low feeding damage. 
These findings indicate a damage-dependent response of A. nidulans.  
The hypothesis that low feeding damage increases gene expression was not supported. 
Because gene expression was not increased significantly at low feeding damage, the 
difference in mould response to O. asellus feeding compared to that for D. melanogaster 
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larvae (Chapter 2) may be due to subtle differences of the two species in the way they 
graze. Drosophila larvae graze across the entire fungal tissue (Figure 3, chapter 2). 
Indeed, larvae moved continuously across the mould and left an evenly distributed 
“network” of elongated feeding marks. However, they did not completely remove 
mycelium. In contrast, isopods caused locally severe feeding damage whereas the rest of 
the colony remained untouched (Figure 3). If fungal defence is only local, i.e. were the 
wounding occurs, Drosophila larvae may have caused an induced response spread over 
the entire colony. Isopods, instead, might have caused very local fungal responses. As 
whole colonies were harvested for gene expression analyses, rather than only those parts 
that were obviously affected by the animals, it is possible that the spatially constrained 
effect by O. asellus was, on average, less than that caused by the widespread damage by 
D. melanogaster larvae. The large amount of RNA isolated from the unaffected tissue 
may thus have masked the local gene expression response. If this suggestion turns out to 
be an adequate explanation for fungivore-dependent difference in the expression of 
candidate “anti-fungivore” genes, the defence response of A. nidulans can be 
hypothesized to be only local rather than systemic. As it was only measured the 
expression of two genes, however, it cannot be excluded that other fungal reactions, incl. 
other secondary metabolites pathways, are activated systemically, as it has been described 
for herbivore-plant interactions (Dempsey et al., 1999; Heil and Bostock, 2002; Métraux 
and Boller, 1986).   
The gene expression results for high feeding intensity do not support hypothesis (i), 
namely that anti-fungivore defence remains at the same level as the constitutive anti-
fungivore resistance (Figure 1, blue line). Rather, the results obtained support hypothesis 
(ii), namely that intense feeding damage by the isopods causes down-regulation of the 
“anti-fungivore” genes laeA and aflR below the level of their constitutive expression in 
control colonies (Figure 1, green line). Because of the RNA extraction procedure from 
entire fungal colonies, which included tissue not directly affected by the fungivore, 
findings possibly indicate a systemic down-regulation in the expression of laeA and aflR 
in the untouched tissue. If the fungus down-regulates the expression of these genes and 
the accompanying pathways, it may be able to use the resources liberated by the down-
regulation for purposes that compensate for the feeding damage, such as cell repair, re-
growth, etc. The findings, nevertheless, do not preclude the possibility of local up-
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regulation in the damaged tissue of these and other genes underlying resistance to 
fungivores.   
Wounding alone does not appear to be sufficient to increase resistance to fungivores. 
Thus, other factors might have caused the variation in fungal responses observed. Such 
factors might be fungivore-specific chemical elicitors, e.g. salivary secretions, and 
fungivore-associated microorganisms. Fungivore-associated microorganisms are 
particularly likely to be an explanatory factor because in the previous chapter the                 
D. melanogaster larvae were sterile before use in the grazing assays but isopods were not. 
Thus, it might be the combined effect of feeding damage and the activity of isopod-
associated microorganisms that may have led to the differences in fungal gene expression 
observed between the treatments in this study.  
The general conclusion that can be drawn from the results obtained in this study is that 
the fungal response is fungivore-specific. However, it is currently difficult to show which 
of these species-specific factors are involved, as it has been demonstrated for herbivore-
plant interactions (Leitner et al., 2005; Hambäck, 2010). Including other fungivores, such 
as mites and nematodes that exhibit very different modes of grazing. Future experiments 
may reveal the full repertoire of fungal responses to invertebrate grazing and the 
consequences these responses may have for the dynamics of fungal defence responses. 
This approach would contribute to a better understanding of fungi-fungivore counter-
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Abstract 
Fungus-fungivore interrelationships are embedded in complex communities and are thus 
likely to be affected simultaneously by multiple mutualistic and antagonistic interactions 
with other community members. Fungal allelopathy, chemical interference competition 
between species of fungi, is one such common interaction in microbial decomposer 
communities. Drosophila flies are commonly associated with mutualistic yeast, 
organisms well known to produce metabolites with antifungal activity. In this chapter it 
is hypothesized that yeasts influence the expression of mechanisms underlying anti-
fungivore resistance in the mycotoxigenic mould Aspergillus nidulans and thereby 
negatively affect the mould’s ability to withstand insect grazing. To test this hypothesis, 
A. nidulans was exposed to Saccharomyces cerevisiae volatiles. The effect of yeast 
volatiles on the anti-fungivore resistance were checked by combining organismic 
experiments with molecular genetic (qRT-PCR) and biochemical analyses (HPLC-MS). 
The results show that allelopathic metabolites released by S. cerevisiae strongly affects 
morphological and chemical differentiation of A. nidulans. This phenotypic shift leads to 
a consistently reduced capacity of the mould to harm the fly larvae and impairment of the 
inducibility of fungal genes involved in resistance to insect grazing. This study thus 
supports the notion that fungal allelopathy, by modifying chemical properties of the 
insects’ developmental niche, can alter the sign and strength of trophic links and confirms 
that heterogeneity in the outcome of fungus-grazer interactions is linked to variation in 
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1. Introduction 
Interactions between fungi and invertebrate grazer are ubiquitous in most ecosystem. 
However, this interrelationship is affected by other biotic interactions such as competition 
between invertebrate host fungi and other microbes e.g. bacteria and yeast (Droby et al., 
1989; Spraker et al., 2014). Chemical interference competition, commonly known as 
allelopathy, is based on the biosynthesis of metabolites, which probably has evolved due 
to competition for limiting factors e.g. nutrients and space (Droby et al., 1989; Nunes et 
al., 2001). Yeast, for example, produce several bioactive metabolites with antifungal 
activity. Some compounds diffuse into the growing substrate, while volatile organic 
compounds (VOCs) (Droby et al., 2002; Fernandes et al., 1998; Liu et al., 2007) enter the 
gas phase. Yeast volatiles e.g. alcohols, aldehydes or esters, are common breakdown 
products of fermenting fruits that suppress growth of several moulds, e.g. Penicillum, 
Botrytis or Alternaria (Chan and Tian, 2005; Spadaro et al., 2002; Wilson et al., 1993). 
Such compounds are assumed to confer a fitness advantage against competitors, and have 
thus been suggested to have evolved as a competitive mechanism (Thomson et al., 2005).  
Notably, the evolution of such mechanism in yeast might influence organisms associated 
with them e.g. saprophagus Drosophila flies. Drosophila melanogaster flies are well-
known for breeding on fermenting fruits and have evolved tolerance of substrates with 
high levels of alcohols (David et al., 1976; Mercot et al., 1994). Adaptation to alcohol-
rich resources provides fruit breeder species a competitive advantage over non-fruit 
breeder species. Moreover, Drosophila flies are nutritional dependent on yeast. Yeast 
provides them essential nutrients like vitamins and sterols (Sang, 1978) which play an 
essential role in the development and survival of Drosophila larvae (Anagnostou et al., 
2010; Starmer and Aberdeen, 1990). In addition, yeasts detoxify plant metabolites by 
metabolizing toxic fatty acids or 2-propanol, further enhancing fly fitness (Starmer et al., 
1982, 1986). Yeasts in turn use the flies as a dispersion vectors, which compensates for 
the absence of active spore dispersal mechanisms (Gilbert, 1980).  
Filamentous mould fungi are common co-inhabitants of the Drosophila’s larval habitat. 
Many of such moulds produce toxic secondary metabolites that detrimentally affect 
Drosophila larvae (Trienens et al., 2010; chapter 2). However, the presence of yeast on 
plant tissue inhibits moulds growth (Bleve et al., 2006). Despite the wealth of evidence 
that yeast volatiles have the potential to impair mould growth, it is unknown if and how 
fungal allelopathy affects the anti-fungivore resistance of moulds. In this chapter, the 
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extent to which the morphological and chemical properties of a mycotoxigenic mould 
(Aspergillus nidulans) and their corresponding molecular genetic mechanisms are 
affected by allelopathic interactions with a yeast (Saccharomyces cerevisiae) and 
correlate these changes with the grazing success of D. melanogaster larvae are tested. 
Thereby, it is hypothesised that the larvae will be able to use the mould as a food source 
as fungal allelopathy suppresses anti-fungivore defence mechanisms. 
In a number of preliminary experiments it was verified that Saccharomyces cerevisiae 
can inhibit A. nidulans growth. By varying the culture medium it turned out that inhibition 










Figure 1. Differences in Aspergillus nidulans colony size when exposed to Saccharomyces cerevisiae 
metabolites cultivated in sucrose-rich medium and sucrose-deficient media. A. nidulans colony size is 
heavily affected when exposed to yeast metabolites in Drosophila medium (DM) and banana medium 
(BM), but not in malt extract medium (ME). The difference among these three media is the 
presence/absence of sucrose. DM and BA are sucrose-rich medium, however, ME is sucrose-deficient 
medium. Therefore, the drop of the colony size of A. nidulans when exposed to yeast was likely due to the 
sugar content in the media.  
Another preliminary experiment revealed that A. nidulans growth is arrested for a couple 
of days when the mould is co-cultivated in a common airspace with yeast on sucrose-rich 
medium. Afterwards, A. nidulans colonies produce massively aerial hyphae forming large 
cotton-like colonies displaying the so called  “fluffy phenotype” (Wieser et al., 1994; 
Spraker et al., 2014) (Figure 2). Moreover, mould colonies exposed to yeast volatiles do 
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Figure. 2. Effect of Saccharomyces cerevisiae volatiles on the morphology of Aspergillus nidulans.        
Aspergillus nidulans was co-cultivated in a common airspace with a plate containing ringer solution (Panel 
A) as a control and with S. cerevisiae (Panel C) as a treatment, both in malt extract agar medium (MEA) + 
sucrose medium. Panel A shows 4-day-old A. nidulans colonies mycelium largely covered by conidia, as 
revealed by microscopic examination (Panel B). Co-cultivation with S. cerevisiae (Panel C) resulted in a 
fluffy phenotype (aconidial aerial hyphae mat) after 4 days (Panel D). Images from Panel A and C were 
taken with digital camera, DCS-W170 (Sony, Japan). Images from panel B and D were taken with 
stereomicroscope, Discovery V8, Zeiss, Germany, equipped with a digital camera system, AxioCam Icc1, 
Zeiss, Germany.  
Apparently, the absence of conidia in fluffy A. nidulans mutants correlates with a decrease 
in mycotoxin formation (Hicks et al., 1997). The mechanisms regulating conidiation and 
sterigmatocystin production in A. nidulans have been shown by characterization of the 
protein kinase catalytic subunit pkaA (Shimizu and Keller, 2001). Deletion of pkaA leads 
to hyperconidiation, whereas the overexpression of pkaA inhibits brlA and aflR 
expression. The suppression of brlA and aflR expression leads to a reduction of 
conidiation and mycotoxin production since these genes encode for a pathway-specific 
transcription factors, conidiation and sterigmatocystin biosynthesis respectively. Because 
anti-fungivore resistance is thought to be mediated by secondary metabolites, the 
suppression of pkaA expression might impair the anti-fungivore resistance by decreasing 
conidiation and sterigmatocystin production (Figure 3) (Shimizu and Keller, 2001).  













Figure 3. Mechanisms underlying the regulation of conidiation, growth and sterigmatocystin 
biosynthesis in Aspergillus nidulans. GPCRs, G-protein coupled receptors, perceive external stimulus and 
transmit the signal to the heterotrimeric G-proteins. These proteins relay and propagate the signal to 
different regulatory proteins to coordinate a response in fungi (Morris and Malbon, 1999). PkaA in                
A. nidulans, is the primary PKA that positively regulates vegetative growth and spore germination but 
negatively controls asexual sporulation and production of sterigmatocystin, a potent anti-insectan 
mycotoxins. PkaA blocks transcriptional activation of conidiation and secondary metabolite biosynthesis 
by blocking BrlA and AflR. Furthermore, PkaA exhibits negative control over AflR indirectly by inhibition 
of LaeA (Calvo et al., 2002; Scheidegger and Payne, 2003; Shimizu and Keller, 2001). 
To gain insights into the molecular and chemical basis of yeast metabolite-mediated 
changes and what the consequences are for insect grazing efficiency, a series of 
experiments were run to test (i) whether the altered morphology of A. nidulans is caused 
by habitat-dependent release of allelopathic yeast metabolites, (ii) whether the altered 
morphology of A. nidulans is related to changes in the expression of genes involved in 
signal transduction, regulation of conidiation and secondary metabolite formation, (iii) 
whether the chemical phenotype of A. nidulans is affected as well, (iv) whether grazing 
of Drosophila larvae induces the expression of “fungivore resistance” genes and (v) 
whether the outcome of the grazer-mould interaction is shifted in favour of the fly larvae. 
By explicitly interlinking fungal allelopathy with changes in the morpho-chemical 
phenotype of A. nidulans and altered resistance to insect grazing, this study provides 
evidence that non-trophic intra-guild interactions may be of utmost relevance for the 
shape of trophic links in decomposer communities and corroborates the hypothesis that 
fungus-fungivore interactions are regulated by an inducible anti-fungivore defence. 
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2. Materials and Methods 
2.1. Culture of organisms.  
The Drosophila melanogaster culture used in the experiments originated from 113 
isofemale lines caught in Kiel, Germany, in 2006. Sterile larvae were prepared following 
routine methods (Trienens et al., 2010).  
The A. nidulans strain used in the experiments was a wild type isolate (RDIT 2.3) (Bok 
and Keller, 2004). Cultivation of fungi and harvesting of conidia followed published 
protocols (Trienens et al., 2010; Chapter 2). Fungi were incubated at 25 °C in constant 
darkness. Shortly, wild type A. nidulans (veA1; RDIT2.3) was cultured on sterilised malt 
extract medium (MEA) (9 g malt, 1.5 g peptone and 6 g agar in 300 ml deionised water) 
at 25°C and constant darkness. After 7 days, mature conidia were scraped off in 5 ml of 
autoclaved ringer solution (2.58 g NaCl, 90 mg CaCl2, 105 mg KCl in 300 ml deionised 
rohflswater) containing Tween 80 (0.1 %) with a sterilised scoop. A haemocytometer 
(Neubauer Improved) was used to count and subsequently adjust the suspension to a titre 
of 10,000 conidia per µl. Conidia suspensions were not kept longer than 2 weeks at 4 °C. 
The S. cerevisiae strain used in the experiments was DSM70449. Cultivation of                    
S. cerevisiae followed routine protocols (Anagnostou et al., 2010) at 25°C in constant 
darkness.  Briefly, S. cerevisiae suspension was obtained from a glycerol stock kept at      
-80°C. S. cerevisiae liquid cultures grew overnight (12 hours) in 50 ml of sterilized ME 
Bouillon (1.8 g malt extract, 1.8 g glucose, 1.8 g maltose, and 0.66 g yeast extract in 300 
ml deionised water), at room temperature with constant agitation. The suspension was 
then pelleted by centrifugation at 3500 rpm and washed in equal volume of sterilized 
distilled water. This step was then repeated. A haemocytometer (Neubauer Improved) 
was employed to count and subsequently adjust the suspension to a titre of 1500 cells per 
µl. Yeast suspensions were not kept longer than 2 weeks at 4°C.  
2.2. Yeast volatile profile analysis in sucrose-rich and sucrose-deficient media. 
Volatile profile analysis of Saccharomyces cerevisiae 
To analyse the volatile profile of S. cerevisiae cultivated in sucrose-deficient medium, 8 
sterilized vessels were filled with 20 ml of sterilized MAE. Then 50 µl of S. cerevisiae 
suspension were inoculated and uniformly distributed over the surface by rotating the 
tubes manually. Tubes were sealed with foil and incubated for 4 days at 25 °C in constant 
darkness. All these steps were done under sterile conditions by using a biological safety 
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cabinet with laminar flow (Thermo Scientific, USA). The volatile profile of S. cerevisiae 
cultivated in sucrose-rich medium was analysed in parallel. It was then used sterilized 
MEA + 18.75 g sucrose. The procedure for the sucrose-rich medium treatment followed 
the same steps as those for the sucrose-deficient medium treatment previously described. 
Sixteen vessels were finally employed for the experiment, sucrose-rich treatments (n=8) 
and sucrose-deficient treatment (n=8). Volatile organic compounds (VOCs) produced by 
yeast under sucrose-rich and sucrose-deficient media were sampled by means of 
headspace solid-phase microextraction (SPME) (Pawliszyn, 2000). Compounds were 
analysed and identified by gas-chromatography mass-spectroscopy (GC/MS). Due to the 
molecular weights and polarity of the analytes, an 85 µm CarbonxenTM/ 
Polydimethylsiloxane (PDMS) StableFlexTM solid phase micro-extraction (SPME) fiber 
was used. Yeast volatiles were sampled at room temperature by placing the fiber through 
the foil into the headspace. The SPME fibres were exposed to the yeast headspace for 30 
min and subsequently transferred to the GC injection port at 250°C of temperature. The 
GC was coupled to a mass spectroscope (Agilent Technologies, 5973N, Palo Alto, USA).  
GC/MS parameters 
The carrier gas of the GC was ultrapure helium at a flow rate of 1.0 ml per minute. 
Volatiles were separated in a non-polar HP-5MS column (Agilent) (30 m in length with 
0.25 mm internal diameter having a film thickness of 0.25 µm). The oven temperature 
was programmed for an initial temperature of -30°C for 1.5 min, followed by an increase 
in temperature of 6°C per min up to 130°C. Then an increase of 30°C per min up to 200°C, 
which was maintained for 3 min. The MS was operated in the scan mode in a range of 
20-345 amu, a source temperature of 230°C, and electron ionization mode at 70 eV. The 
chromatograms were analysed with MSD ChemStation Data Analysis (version 
D.02.00.275, Agilent Technologies), AMDIS (Automated Mass Spectral Deconvolution 
and Identification System, version 2.66, Gaithersburg, MD), and NIST Mass Spectral 
Search Program (database version, NIST 08, software version 2.0f).  
2.3. Effect of single yeast volatiles on Aspergillus nidulans fitness parameters.   
Saccharomyces cerevisiae metabolites 
Those S. cerevisiae volatiles that were significantly produce in higher amounts or 
synthesized de novo by adding sucrose to the medium from the previous experiment were 
synthesized and delivered by different companies e.g. Aldrich and Merck, and prepared 
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to the concentration of 10-1 (1:10 yeast VOC mixed with paraffin). Additionally, two 
control compounds, 2-methylbutanal and phenylethylacetate were included in the 
experiment. 2-methylbutanal is produced by the media and its volume is reduced in the 
presence of yeast. Phenylethylacetate is usually produced by yeast but it was not detected 
in the previous experiment (Table 1). 
Table 1. Compounds tested against Aspergillus nidulans 
Compounds CAS Number  
Aliphatic alcohols Isobutylalcohol 78-83-1 
Isoamylalcohols 123-51-3 
137-32-6 
Aldehydes 2-methylbutanal 96-17-3 










Aspergillus nidulans handling and confrontation assays with autentic yeast volatiles 
Plates (Ø=35 mm) were filled with 3 ml sterilized MAE + sucrose. A piece of KOH-
treated and sterilised cellophane was placed on the solid medium. Each plate was then dot 
inoculated with 1 µl conidia suspension. Plates contained the final concentration of 104 
conidia per plates.  
To expose A. nidulans tissue to single yeast volatile, sterile circular filter papers were 
placed in (Ø=90 mm) plates together with two plates (Ø=35 mm) containing A. nidulans. 
Afterwards, 100 µl of yeast metabolite at 10-1 concentration were pipetted on the circular 
filter paper. The 90 mm plates were closed and sealed with parafilm so that volatiles could 
not leak out. Each treatment contained 5 biological replicates. Control colonies of              
A. nidulans were set up in the same manner as treatments, but they were exposed to a 
filter paper containing 100 µl of paraffin (control). After 3 days, biomass, number of 
conidia and fungal area were quantified. Each colony was photographed with a digital 
camera DCS-W170 (Sony, Japan) and with a stereomicroscope (Discovery V8, Zeiss, 
Germany) equipped with a digital camera system (AxioCam Icc1, Zeiss, Germany). To 
calculate fungal area, the images were analyzed by ImageJ software. Then, fungal tissue 
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was scraped with a scalpel and lyophilized for 24 hours. The tissue was then weighted 
with a balance (Fisher FI110, Germany). One colony of A. nidulans from each biological 
replicate from each treatment was filled with 2 ml of ringer solution containing Tween 
80 (0.1%). The fungal tissue was carefully scraped off with a scoop. Then 1 ml of the 
solution was pipetted into a 1.5 ml Eppendorf tube. Afterwards, 2 µl were introduced into 
a haemocytometer to count the conidia. Two technical replicates from the same colony 
were counted.   
2.4. Yeast volatile influenced Aspergillus nidulans metabolic profile analysis.  
Handling of Saccharomyces cerevisiae and Aspergillus nidulans  
For the inoculation of S. cerevisiae, plates (Ø=35 mm) were filled with 3 ml of sterilized 
MEA medium + sucrose. Then each plate was inoculated with 100 µl of S. cerevisiae 
suspension. Plates were closed with the lids and incubated for 12 hours at 25°C and 
constant darkness. 
For the inoculation of A. nidulans, plates (Ø=35 mm) were filled with 3 ml of sterilized 
MEA + sucrose. The medium was covered by a piece of sterilized and cooked cellophane. 
Then each plate was inoculated with 100 µl of conidia suspension. The plates were rotated 
to spread the suspension across the whole cellophane. Plates were closed with lids and 
incubated for 12 hours at 25°C in constant darkness. 
Fungus-fungus confrontation assay 
After 12 hours of incubation separately, 2 colonies of A. nidulans were co-culture with 
one colony of S. cerevisiae in a 90 mm plate as a yeast-challenged colonies. Plates (Ø=90 
mm) were close and sealed with parafilm to ensure that yeast volatiles will not leak out 
through the thin gap left between the lid and the plate. For unchallenged colonies 
(control), 2 colonies of A. nidulans were co-culture with 1 plate (Ø=35 mm) containing 
only MEA medium + sucrose and inoculated with 100 µl of ringer solution and placed in 
a 90 mm plate. Plates (Ø=90 mm) were close and sealed with parafilm. Plates were then 
incubated for 8 days at 25°C in constant darkness. After the confrontation, colonies of      
A. nidulans were scraped off with a scalpel and snap-frozen in liquid nitrogen. Two 
colonies of A. nidulans were pooled to generate a biological replicate, having finally n=5 
unchallenged biological replicates and n=5 yeast-challenged biological replicates. 
Afterwards, the tissue was lyophilized for 24 hours using a freeze-dryer (Zirbus VaCo 2, 
Germany).  
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Metabolic profile analysis of yeast volatile influenced Aspergillus nidulans 
Metabolic profile analysis was performed essentially as described previously (Döll et al., 
2013). In brief, fungal metabolites were extracted by adding 1 ml of acetonitrile/water 
(84/16, v/v) to 100 mg of lyophilized tissue. For targeted and non-targeted metabolite 
analysis and MS fragmentation a reverse-phase HPLC system coupled with an ion trap 
mass spectrometer (500-MS, Varian) equipped with an electrospray ionization (ESI) 
source (Ratzinger et al., 2009) was used. Data processing encompassed background 
reduction, peak identification, peak alignment and normalization, which followed 
standard protocols (Laurentin et al., 2008).  
2.5. Yeast volatile influenced Aspergillus nidulans gene expression analysis.  
Fungus-fungus confrontation assay 
Aspergillus nidulans and S. cerevisiae were inoculated and incubated for 12 hours 
separately.  Afterwards, 2 colonies of A. nidulans were co-culture in a 90 mm plates with 
1 colony of S. cerevisiae to generate the challenged samples. Plates (Ø=90 mm) were 
closed and sealed with parafilm to ensure that yeast volatiles will not leak out the plate. 
Challenged samples were incubated for 8 days. To generate the unchallenged samples 
(control), 2 colonies of A. nidulans were co-culture with one plate (Ø=35 mm) containing 
only MEA medium + sucrose and 100 µl of ringer solution in a 90 mm plates. Plates 
(Ø=90 mm) were closed and sealed with parafilm. Unchallenged samples were incubated 
for 36 hours (maximum time before colonies start to conidiate). Then colonies were 
scraped off with a scalpel and snap-frozen in liquid nitrogen. Two colonies of A. nidulans 
were pooled to generate a biological replicate, having finally n=5 unchallenged biological 
replicates and n=5 challenged biological replicates. Colonies were lyophilized for 24 
hours before the tissue was powdered with a mortar and pestle. For RNA isolation, 10 mg 
of fungal tissue was treated with 1ml TRIzol® Reagent (Ambion) and possible genomic 
DNA contamination was subsequently digested with TURBO DNA-free (Ambion). RNA 
quantity and purity were determined by measuring absorbance at A260/280 with a plate 
reader (Tecan M200, Germany). RNA integrity was determined by formaldehyde de-
naturating agarose gel (0.65 %). To ensure that the RNA samples were completely free 
of DNA contaminations after DNA digestion, standard PCR combined with 
polyacrylamide (PAA) gel analysis was run. No DNA bands were revealed on the gels 
meaning that the RNA samples were free of genomic DNA (for further details see chapter 
2).  
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Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) 
Quantitative real-time RT-PCR was essentially done in the same manner as described in 
chapter 2. In brief, primer sequences were designed with Primer Premier Software 
(Premier Biosoft) and synthesized and provided by Eurofins (http://www.eurofins.de). 
BLAST searches were conducted to ensure the specificity of amplification. Moreover, 
PCR and melting curve analysis of all PCR products were conducted and additionally, all 
PCR products were sequenced to ensure that only gene products of interest were amplified 
(See chapter 2 for more details). Table 2 lists the primer sequences used in this 
experiment.  
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(AN0973) 
(F)GTTGGCACGGAGCAGGAT    







183 bp cDNA 81.2 
 
An external luciferase control RNA spike (Promega, L4561) was used for normalizing 
candidate RNA quantification (See chapter 2). The qRT-PCR was performed in a 
Strategen Mx3000P engine (Agilent) using SYBR Green (Lonza) under the PCR 
conditions described in chapter 2. PCR efficiencies (E), threshold fluorescence (RCT-
values), and initial fluorescence (R0) were determined directly from the PCR kinetic 
curves. To compare the expression of candidate genes in unchallenged and yeast-
challenged samples, R0, which is the equivalent of the initial amount of candidate mRNA 
in a sample (Schefe et al., 2006) was used. For the results of each qRT-PCR the quantity 
equivalent, R0, of the candidate gene was considered relative to independent R0 for the 
reference gene. The resulting Rnorm (unchallenged) is the initial fluorescence of the 
candidate gene normalized to the reference gene in the control sample and Rnorm (yeast-
challenged) that in the A. nidulans colonies exposed to S. cerevisiae. 
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2.6. Inducible resistance in the yeast volatile influenced mould by larval grazing.  
Aspergillus nidulans and S. cerevisiae were incubated for 12 hours separately. For 
unchallenged samples (control), two colonies of A. nidulans were co-cultured with one 
colony of S. cerevisiae in a 90 mm plates. Plates (Ø=90 mm) were closed and sealed with 
parafilm to prevent that yeast volatiles will leak out of the plate. Unchallenged samples 
were incubated for 8 days at 25°C in constant darkness. To obtain insect-challenged 
samples, A. nidulans colonies were co-incubated with one colony of S. cerevisiae for only 
7 days. Forty sterile larvae were added to each A. nidulans colony and incubated for 24 
hours. At an age of 8 days challenged and unchallenged samples were scraped off with a 
scalpel and snap-frozen in liquid nitrogen. Two colonies of A. nidulans were pooled to 
generate a biological replicate, having finally n=5 unchallenged samples and n=5 
challenged samples. The tissue was lyophilized for 24 hours and powdered with a mortar 
and pestle. RNA analysis and quantitative Real-Time Reverse Transcription PCR were 
performed essentially as described in the previous experiment.  
2.7. Larval development on yeast volatile influenced Aspergillus nidulans colonies. 
Drosophila melanogaster larvae development on yeast volatile influenced A. nidulans 
colonies was performed in twin-vials. Plastic vials were filled with either fruit agar 
medium (50% mashed banana, 50% water + 15 g/l agar) or MEA + sucrose medium. 
Aspergillus nidulans was spot inoculated on fruit agar medium with 1 µl of 1000 conidia 
per µl suspension. Mould free controls were inoculated with 1 µl of sterile ringer solution. 
S. cerevisiae was inoculated in the MEA + sucrose medium with 20 µl of 3000 cells per 
µl suspension. Both setups were incubated separately at 25°C and constant darkness for 
48 hours. Afterwards, one fruit agar and one MEA + sucrose vial were joined by 
connecting the two lids of the vials. The MEA + sucrose vial was on top of fruit vial. Lids 
were equipped with holes to enable gas exchange between the vials. Dripping of yeast 
from the top into the bottom vial was not observed in any experimental unit. After 96 
hours of further incubation, 10 sterile D. melanogaster larvae were transferred into the 
mould vials. Migration of larvae from bottom into the top vials was prevented by gauze. 
This experiment was performed with 16 replicates.  
2.8. Statistical analysis 
To test the differences when sucrose was added to the medium, the effect of S. cerevisiae 
volatiles on the anti-fungivore defence of A. nidulans and the effect of the larval grazing 
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on the inducible anti-fungivore resistance of the yeast volatile influenced A. nidulans, 
multivariate analysis of variance (MANOVA) on ranks were run. To test the effect of 
yeast volatiles on A. nidulans metabolic profile a multivariate analysis of variance 
(MANOVA) was run. To test the effect of S. cerevisiae volatiles on A. nidulans fitness 
parameters (conidiation, fungal growth and biomass) a multivariate analysis of 
covariance (MANCOVA) was carried out.  
3. Results 
3.1. Yeast volatile profile analysis on sucrose-rich and sucrose-deficient media. 
Overall, a larger volume of volatiles was released by S. cerevisiae growing on sucrose-
rich medium (7719.1 ppmV ±208.9 vs. 19142.5 ppmV ±187.9; t-test, P < 0.001). The 
addition of sucrose to the malt extract medium had a significant effect on the production 
of yeast-specific volatiles (MANOVA, Pillai's F3,12 = 44.78, P = 0.0047). The volatile 
profiles revealed a “standard” set of metabolites characteristic of fermenter yeasts 
(Becher et al., 2012), such as alcohols, aldehydes, esters, and acetates. Eleven out of 14 
compounds were formed in excess or appeared de novo under sucrose-rich conditions 
(Table 3). Yet not all compounds were affected equally as the fold changes in response 
to sucrose differs significantly among the identified volatiles (MANOVA on ranks,            
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Table 3. Profiles of volatile compounds characteristic of Saccharomyces cerevisiae growing on 
sucrose-deficient or sucrose-rich malt extract (ME) agar. 





Compound CAS ppmV±SE ppmV ±SE P-values fold changes 
 ±SE 
Aliphatic alcohols      
   Ethanol 64-17-5 4676.0 ±348.2 12165.1 ±140.6  <0.001 2.7 ±0.3 
   Isobutylalcohol 78-83-1 295.2 ±21.0 243.6 ±10.6 0.021 - 
  “Isoamylalcohols”* 123-51-3 
137-32-6 
2052.3 ±101.7 2854.0 ±44.6 <0.001 1.4 ±0.1 
Aldehydes      
   Acetaldehyde 75-07-0 104.7 ±12.3 189.4 ±37.1 0.147 - 
Acetates      
   Ethylacetate 141-78-6 362.9 ±53.1 1383.3 ±30.7 <0.001 4.4 ±0.6 
   Isobutylacetate 110-19-0 13.3 ±4.2 100.2 ±5.1 <0.001 19.5 ±6.0 
   "Isoamylacetates"* 123-92-2 
624-41-9 
82.6 ±15.0 1628.0 ±96.5 <0.001 26.5 ±6.3 
Esters      
  Ethylpropanoate  105-37-3 42.4 ±9.9 76.7 ±2.8 0.010 - 
  Ethylbutyrate 105-54-4 7.1 ±1.6 56.8 ±1.9 <0.001 13.0 ±3.6 
  Ethylhexanoate 123-66-0 21.7 ±0.4 330.8 ±16.9 <0.001 259.0 ±45.1 
  Ethyloctanoate 106-32-1 n.d. 116.4 ±10.5  “de novo” 
  Ethyldecanoate 110-38-3 n.d. 20.4 ±2.2  “de novo” 
Aromates      
   Phenylethylalcohol 100-42-5 18.4 ±3.6 45.0 ±2.5 <0.001 3.2 ±0.6 
   Styrene 60-12-8 62.1 ±6.5 35.5 ±2.2 <0.001 0.6 ±0.1 
 
3.2. Effect of single yeast volatile on Aspergillus nidulans fitness parameters.   
Saccharomyces cerevisiae volatiles had a significant overall effect on A. nidulans fitness 
parameters (conidia, area and biomass) (MANCOVA, Wilks´ lambda F18,187=9.481; 
P<0.001). It remains true even when the effect of different experimental series were 
removed, although there were significant differences between series (MANCOVA, 
Wilks´lambda F3,66=33.894; P<0.001). 
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S. cerevisiae volatiles had a significant effect on fitness parameters (conidia, colony 
growth and biomass) (MANCOVA between subjects, conidia (F6,68=16.141; P<0.001), 
fungal growth (F6,68=9.203;  P<0.001), and biomass (F6,68=23.682; P<0.001).  
In general, all the single yeast volatiles tested against A. nidulans decreased conidiation, 
but interestingly, ethylacetate and 2-methylbutanal induced striking effects. While 
ethylacetate enhanced aberrant conidiation, 2-methylbutanal heavily suppressed it. 
Moreover, among all the volatiles tested against A. nidulans fungal growth,                             
2-methylbutanal was the volatile that most strongly inhibited fungal growth. The yeast 
volatiles tested against A. nidulans biomass had in general a negative effect, however, 




























Figure 4. Effect of different single yeast volatiles on conidia, fungal growth and biomass of A. nidulans in three different experiments.  Panels at the left side indicate the name of the 
compounds tested against A. nidulans. 
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3.3. Yeast volatile influenced Aspergillus nidulans metabolic profile analysis.  
Saccharomyces cerevisiae volatiles had an overall effect on the A. nidulans metabolic 
profile (MANOVA, Wilks´Lamba F6,3=103.021, P=0.001). Sterigmatocystin was not 
synthesized in neither unchallenged nor challenged colonies, however, austinol and 
dehydroaustinol were synthesized in unchallenged colonies but not in the yeast volatile-
influenced A. nidulans colonies (challenged). Emericellamide E and F present a onefold 
lower signal in the challenged colonies, however, results revealed that the effect produced 
by yeast volatiles in emericellamide E was not significant. Emericellamide C and D had 
almost fivefold and sevenfold lower signal in the challenged colonies relative to that of 
unchallenged colonies respectively. Separate univariate ANOVAs on the outcome 
variable revealed a suppressing effect of S. cerevisiae volatiles on the formation of 















Figure 5. Quantification of A. nidulans secondary metabolites by HPLC-MS/MS. Peak area of ion 
chromatograms of secondary metabolites for unchallenged (control) and challenged (yeast volatile treated) 
fungal colonies (n=5 per treatment). 
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3.4. Yeast volatile influenced Aspergillus nidulans gene expression analysis. 
Saccharomyces cerevisiae volatiles had an overall effect on candidate gene expression 
(MANOVA, Wilks´Lamba F4,5=20.623, P=0.003). Moreover, separate univariate 
ANOVAs on the outcome variable revealed a significant effect of S. cerevisiae volatiles 
on brlA and pkaA gene expression, however, the expression levels of laeA and aflR were 
not affected by the treatment (Figure 6).  
 
Figure 6. Box-plots depicting Rnorm values of laeA, aflR, brlA and pkaA gene expression as a function of 
A. nidulans control (unchallenged) and yeast volatile influenced A. nidulans (challenged). Solid lines 
indicate medians.  
3.5. Inducible resistance in the yeast volatile influenced mould by larval grazing.   
Drosophila melanogaster larvae did not have a significant effect on the candidate gene 
expression (MANOVA, Wilks´Lambda F4,5=0.049, P=0.994) (Figure 7). 
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Figure 7. Box-plots depicting Rnorm values of laeA, aflR, brlA and pkaA gene expression as a function of 
yeast volatile influenced A. nidulans control (unchallenged) and yeast volatile influenced A. nidulans +     
D. melanogaster larvae grazing (challenged). Solid lines indicate medians.  
3.6. Larval development on yeast volatile influenced Aspergillus nidulans colonies. 
In mould-free and in yeast-free substrates larvae were found not to reach the pupal stage, 
so no fly emergence was observed, however, the average of eclosed flies on yeast volatile 
influenced A. nidulans was 0.48 ± 0.032 SE. 
4. Discussion 
Even though several comprehensive studies on fungal allelopathy have shown detrimental 
effects on mould growth (Batista et al., 2010; Bleve et al., 2006), it has remained unknown 
how morphological and biochemical changes in the target fungus influence its capacity 
to resist fungivore grazing. 
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Building on previously made observations that S. cerevisiae growing on medium with 
relatively high amounts of mono- or disaccharides inhibits the growth of A. nidulans, the 
present study reveals substantial differences of volatile organic compounds released by 
the yeast on sucrose-rich and sucrose-poor culture medium. Generally, a larger volume 
of volatiles, common breakdown products of fermenting fruits (alcohols, aldehydes, 
esters and acetates), released by S. cerevisiae on sucrose-rich medium appears to be of 
relevance for the effects on mould fitness.  
Interestingly, several detailed studies, usually motivated by the perspective to control 
mould contamination of food and feed stuff, show that in particular, large quantities of 
many of such microbe-borne volatiles have moderate to strong anti-mould properties, and 
they often induce a “fluffy” aconidial phenotype in the target fungus (Chang et al., 2014; 
Fredlund et al., 2004; Masoud et al., 2005; Spraker et al., 2014). Moreover, a large body 
of evidence indicates that this obviously common mould response to microbial volatiles 
is not a peculiar phenomenon relevant for applied settings only, but it appears to be part 
of a general restriction of fungal growth in decomposer systems (Garbeva et al., 2011). 
The results from testing single yeast volatiles against A. nidulans suggest that                        
S. cerevisiae volatiles had a significant overall effect on A. nidulans fitness parameters 
(conidia, growth and biomass), however, they do not support the hypothesis that a single 
yeast volatile induces the aconidial fluffy phenotype in A. nidulans. None of the 
individual compounds tested induced the specific mould phenotype that could be 
observed under the influence of the whole bouquet released by the living yeast in the co-
culture assays. It should be noted, however, that there might be a complex interaction 
between different compounds and their concentration, which would make it 
extraordinarily difficult to determine the specific combination of yeast metabolites that 
caused the mould response observed in this study. Thus far, one can conclude that 
sucrose-dependent quantitative changes, in some or a combination of yeast volatiles, are 
the main allelopathic factor affecting growth and morphological differentiation of 
A. nidulans.  
Yeast volatiles had a profound effect on the metabolic profile of A. nidulans. In particular, 
austinol and dehydroaustinol, meroterpenoids produced from polyketide and terpenoid 
precursors (Lo et al., 2012; Kataoka et al., 2011) were absent in yeast volatile-exposed 
colonies. Interestingly, emericellamides, compounds that have antibiotic activity 
(Sanchez et al., 2012), were present in challenged colonies, but the amounts were lower 
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compared to unchallenged colonies. The absence of austinol and dehydroaustinol may be 
of particular relevance for the capacity of the mould to resist fungivore, as related 
compounds have been demonstrated to have insect neurotoxic effects (Kataoka et al., 
2011). Further support for a role of these compounds in the anti-fungivore defence of 
A. nidulans has been provided by Döll et al. (2013). When exposed to the grazing by 
Folsomia candida (collembola), A. nidulans was found to produce higher amounts of both 
the meroterpenoids and the emericellamides, which was accompanied by an enhanced 
capacity to repel the arthropods. Even though the detailed role of these compounds in 
repelling and/or harming invertebrate grazers remains to be investigated, the present study 
indicates suppression of a versatile chemical element of the mould’s anti-fungivore 
defence response. 
Notably, gene expression results from the yeast volatile influenced A. nidulans 
experiment partially support the hypothesis that fungal allelopathy suppresses A. nidulans 
conidiation and secondary metabolite biosynthesis. The results indicate that fungal 
allelopathy caused a significant up-regulation in the expression level of pkaA. This 
protein positively regulates vegetative growth but negatively regulates asexual 
conidiation by blocking BrlA (See Figure 3) (Shimizu and Keller, 2001). In agreement 
with this, the expression level of brlA is significantly down-regulated relative to the level 
of its constitutive expression in unchallenged colonies. This result is of relevance because 
reduced levels of conidiation means that the brlA, gene coding for the conidiation-specific 
transcription factor BrlA, is minimally transcribe leading to an aconidial phenotype 
typical feature from A. nidulans fluffy phenotype (Adams et al., 1998; Yu et al., 2006). 
Moreover, PkaA regulates negatively secondary metabolite biosynthesis by blocking 
AflR and LaeA (See Figure 3) (Shimizu and Keller, 2001). In contrast to our expectations, 
no significant response to fungal allelopathy was revealed at the gene expression levels 
of the secondary metabolite genes laeA and aflR, which would at first glance suggest no 
effect of fungal allelopathy on A. nidulans secondary metabolism. One has to keep in 
mind though, that gene expression data were obtained from 8-day-old yeast-affected and 
2-day-old control colonies to compare morphologically similar phenotypes. Given this 
design, our results indicate no age-dependent activation of these genes and in 
consequence a massive impact on secondary metabolite (see above). 
Additionally, results from inducible resistance in the yeast volatile influenced mould by 
larval grazing experiment revealed that fungal allelopathy strongly affects A. nidulans 
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anti-fungivore defence, which seems to be in a strong state of arrest since the grazing of 
D. melanogaster did not activate the mechanisms underlying the anti-fungivore defence 
that were shown to be up-regulated by the grazing of the same fungivore in Chapter 2. 
The grazing of D. melanogaster larvae did not significantly affect the expression levels 
of the candidate genes laeA, aflR, brlA and pkaA, the same genes of which in chapter 2 
gene expression levels were significantly up-regulated by the grazing of the larvae. A 
finally negative influence of fungal allelopathy on anti-fungivore defence in A. nidulans 
is supported by the results from larval development on yeast volatile influenced                   
A. nidulans colonies experiment, which revealed that 50 % of the larvae exposed to the 
yeast volatile influenced Aspergillus nidulans colonies developed into adult flies. 
However, results from chapter 2 showed that the same fungus exposed to same fungivore 
under undisturbed conditions killed 100% of the larval population. This result indicates 
that fungal allelopathy turns the fatal fungus into a suitable diet and thus positively 
influences Drosophila melanogaster development. Significant induced changes in the 
expression levels of genes involved in signalling and conidiation leading to changes in 
the metabolic profile suggest a significant shift of A. nidulans phenotype by fungal 
allelopathy that helps the larvae to cope better with the mould. Although fungal 
allelopathy has a positive influence on the larval development, still 50% of the larvae 
died. Several reasons must be involved in this result for instance, the lack of nutrients, 
competition for limited nutritional resources or because alternative secondary metabolite 
pathways might be still activated.  
Our data show that a habitat-specific blend of yeast metabolites has allelopathic properties 
which suppress the ability of A. nidulans to launch an effective defence response against 
grazing by Drosophila larvae. This in turn results in an immense benefit to the insects as 
the obstruction of the defence response converts the fatal mould into an edible fungus. 
This effect appears to be driven by the misexpression of functionally well-characterised 
and ecologically important fungal “defence” genes coupled with the suppression of 
inducible specialised metabolites. Our study thus provides a first mechanistic glimpse 
into how common allelopathy can affect “normal” physiological reactions of fungi and 
thereby regulates the outcome of trophic interactions with invertebrate grazers. Finally, it 
is tempting to hypothesise that understanding the context-dependent nuances of 
allelopathic intra-guild relationships is important for ecosystem processes, as 
understanding when and how allelopathy sets in may help predicting dynamic shifts in 
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the strength and sign of fungus-grazer interactions and thereby changes in the energy 
pathways through food webs. Future studies may thus include a broad range of fungal 
(and fungus-bacteria) interactions to investigate the general role of chemical mediators in 
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General discussion 
Many phenotypic changes have been suggested and often demonstrated to be related with 
defence strategies. Changes in fungal growth characteristics in response to arthropod 
grazing (e.g. compensatory growth) has repeatedly been observed (Bretherton et al., 
2006) and might be interpreted in the light of a fungal strategy to tolerate grazers rather 
than fending them off. Grazing-induced changes in secondary metabolism that increases 
the capacity to kill or repel animals might be an alternative route of defence against 
fungivores. Interestingly, inducible resistance as related to fungal secondary metabolite 
formation has remained to date unknown. The results in chapter 2 demonstrate that 
grazing of Drosophila melanogaster larvae induces a phenotype in the mould Aspergillus 
nidulans that killed the larvae more rapidly than non-induced colonies. The phenotypic 
shift in resistance to fungivory was accompanied by significant changes in the expression 
levels of genes involved in different molecular pathways that lead to the biosynthesis of 
secondary metabolites e.g. laeA, ausA and easB. This study thus supports by the results 
of Döll et al. (2013), where changes in the metabolic profile of A. nidulans challenged by 
Folsomia candida grazing revealed higher levels of sterigmatocystin, austinol, 
dehydroaustinol, and emericellamides compared to that of the unchallenged colonies. 
Although sterigmatocystin has been suggested to be the most relevant toxin in the anti-
fungivore defence of A. nidulans, studies done by Trienens and Rohlfs (2012) 
demonstrate that mutants lacking specific steps along the sterigmatocystin pathway do 
not to reduce larval survival, but turned out to be even more detrimental to the insects. 
Our study also revealed that at this early stage of the confrontation, stcA, a gene coding 
for an early step of the sterigmatocystin pathway, was not differentially expressed. 
Therefore, it was hypothesised that other compounds, probably unknown or recently 
discovered but not identified ones (Döll et al., 2013) are involved in mediating resistance 
against fungivores. Interestingly, the transcription of ipnA, a gene coding for the 
isopenicillin-N synthase involved in the production of penicillin, was up-regulated under 
D. melanogaster grazing. It was then assumed that the production of penicillin is related 
to anti-bacterial resistance rather than to anti-fungivore defence, since wounds caused by 
insect grazing possibly provide entrance for parasitic or pathogenic bacteria. The results 
of this chapter demonstrated a direct link between changes in resistance to grazing and 
regulation of fungal secondary metabolism, but at the same time, revealed an obviously 
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complex chemical response that deserves further attention for identifying the ultimate 
agents of anti-fungivore chemical defences in this model system. 
Although one may assume that grazing by fungivores should always enhance anti-
fungivore defence in fungi capable of inducible resistance, results shown in chapter 3 
revealed that intense feeding damage suppresses key mechanisms underlying anti-
fungivore resistance in A. nidulans. While feeding of D. melanogaster larvae induces the 
expression levels of genes involved in the regulation and biosynthesis of A. nidulans 
secondary metabolites, strong grazing pressure by isopods, Oniscus asellus, turned out to 
suppress the expression of laeA and aflR. This result supports the hypothesis proposed by 
Stötefeld et al. (2012), namely that the feeding damage caused by high densities of 
collembola suppresses the anti-fungivore defence of A. nidulans, which allows the 
animals to achieve more efficient per-capita consumption rates in groups compared singly 
foraging collembolans. Taking the results of chapter 2 and 3 together, grazer-specific 
inducible changes in anti-fungivore defence mechanisms that lead to both enhanced as 
well as reduced resistance appear to be important characteristics of fungus-fungivore 
interrelationships. These bipartite grazing-induced dynamics might have an important 
role in affecting intraguild as well as multitrophic interactions. 
Fungus-fungivore interactions do not take place in isolation but are embedded in complex 
multi-species communities that might influence a fungus’ ability to launch an efficient 
defence response. In particular, competing microbes like yeast and bacteria are well-
known for hampering growth of mould and for inducing morphological aberration (Bleve 
et al., 2006; Spraker et al., 2014); these effects are frequently caused by chemical 
interference competition, also known as allelopathy. In chapter 4 it was demonstrated that 
yeast volatile organic compounds influence the morphological and chemical phenotype 
of A. nidulans and thereby its ability to launch the previously described inducible 
resistance. The direct consequence of the yeast-mediated anti-fungivore defence 
inactivation in A. nidulans was that D. melanogaster larvae were able to use the mould as 
a suitable food source and develop into adult flies. In simple terms: fungal allelopathy 
turned the usually fatal mould into an edible fungus.  
This “edible” A. nidulans phenotype shows a strikingly altered morphology characterised 
by enhanced formation of aerial hyphae but no conidiation. The morphological alteration 
appeared to be induced by a combination of yeast volatiles and was accompanied by 
substantial changes in the expression of genes involved in intra-cellular signalling and 
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regulation of conidiation. Genes involved in the regulation of secondary metabolites and 
resistance against fungivore, laeA and aflR, were not significantly affected. In contrast to 
the previously demonstrated inducibility of these genes, expression levels of laeA and 
aflR were not affected by insect grazing when colonies were exposed to yeast volatiles. 
This result indicates that fungal allelopathy prevents insect-induced changes in the fungal 
secondary metabolism as controlled by epigenetic and pathway-specific secondary 
metabolite regulators. Moreover, the absence of austinol and dehydroaustinol and lower 
levels of emericellamides in yeast volatile influenced A. nidulans indicate a reduced 
ability of the mould to build a constitutive chemical shield. The combined effect of the 
demonstrated lack of inducible resistance and the constitutively reduced chemical 
diversity appears to be a very likely explanation for why Drosophila larvae are able to 
use allelopathy-affected mould colonies as a suitable diet that allows them to develop into 
adults. Chapter 4 thus highlighted the potential impact of fungal allelopathy in 
determining the outcome of fungus-fungivore interactions. Yet many details need to be 
disentangled in future studies. For instance, it still remains unknown which specific role 
austinol, dehydroaustinol and emericellamides play in mediating direct resistance, 
whether the phenotypic shift is a specific response of A. nidulans to yeast volatiles or 
whether this phenomenon is of general relevance in more complex fungus-fungivore 
communities. 
The results shown in this thesis demonstrate that fungal resistance against grazers is 
highly dynamic and responds to multiple environmental changes by altering parts of the 
signalling and secondary metabolite pathways. These changes were revealed by 
molecular, biochemistry and organismic methods and thus link the already described 
molecular mechanisms of secondary metabolite regulation (Keller et al., 2005) with the 
suggested inducible defence in fungi (Rohlfs and Churchill, 2011; Spiteller, 2008). 
Currently, the only study, that proposes an inducible anti-fungivore defence in another 
fungal system is the work done by Bleuler-Martínez et al. (2011). Bleuler-Martínez et al. 
(2011) suggest that carbohydrate-binding lectins formed by the mushroom Coprinopsis 
cinerea mediate resistance against grazers. To test for the toxicity of the lectins, they 
forced different non-fungal but bacterial feeders to graze on recombinant E. coli 
expressing fungal lectins. Even though some of the lectins turned out to be toxic to 
Caenorhabditis elegans, to Aedes aegypti larvae, and to Acanthamoeba castellanii, 
nematode, arthropod and amoeba, respectively, this study suffers a conceptual lack since 
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non-fungal feeders might be highly susceptible to fungal lectins, and the influence of 
lectins on “real” fungal feeding invertebrates was not tested. Nonetheless, the study 
demonstrates that grazing by the nematode Aphelenchus avenae induces the transcription 
of genes encoding for lectins and the production of the proteins. Thus, the data presented 
in this thesis are the first demonstrating the concept of inducible resistance in a fungal 
organism. It would now be of great interest to test whether this principle occurs in other 
fungal systems, its influence on different fungivores, and how the experimentally 
observed reciprocity contributes to decomposer food web dynamics.  
Outlook 
The results shown in this thesis together with the work done by Döll et al. (2013) and 
Nielsen et al. (2013) provide first insights into the dynamic connection between resistance 
to fungivore grazing and the molecular mechanisms regulating fungal morphology and 
secondary metabolism. They open up new vistas for the study of fungus-fungivore 
interactions, under controlled laboratory conditions as well as in the field. As outlined in 
chapter 1, fungus-grazer interactions are thought to share many similarities with 
herbivore-plant systems, so hypotheses can be derived from herbivore-plant ecology 
theory. For instance, herbivorous insects detect plant volatiles by an olfactory system that 
is extremely sensitive and shows a high degree of specificity to plant volatiles (Bruce and 
Pickett, 2011; De Bruyne and Baker, 2008). Comparatively little is known about the 
ability of fungivores to perceive volatiles associated with resistance of fungi to resist 
grazing. For example, collembolan fitness and food choice very much depends on fungal 
secondary metabolites (Rohlfs et al., 2007; Scheu and Simmerling, 2004), yet only few 
studies demonstrated the ability of collembola to perceive fungal secondary metabolites 
(Bengtsson et al., 1991, 1988). Additionally, the study by Staaden et al. (2011) suggested 
that collembola are able to discriminate between toxic and non-toxic fungi based of 
olfactory information. Fungal volatile-guided food choice in other dominant fungivores 
of the soil system, such as oribatid mites or nematodes, have almost entirely been ignored.  
In this context, another interesting aspect to be tested is whether fungal volatiles attract 
the natural enemies of fungivores, in particular when fungi are under grazing attack. This 
phenomenon has repeatedly been demonstrated for some plant systems, which has been 
termed “indirect defence” (Dicke et al., 1999; Kessler and Baldwin, 2001). This indirect 
defence was assigned to volatiles derived from enzymatic degradation of fatty acids, 
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which contributes to a chemically rich pool of so-called oxylipins (Dicke et al., 1999). In 
chapter 2 the up-regulation of genes encoding for enzymes involved in fungal oxylipin 
biosynthesis when A. nidulans is grazed by D. melanogaster larvae was demonstrated, 
which suggests that changes in oxylipins might be involved in the fungal response to 
fungivory. Whether they are involved in hormonal signalling or in the anti-fungivore 
inducible direct and indirect defence needs to be resolved. 
To be able to differentiate between wound- and grazing-induced changes in fungal 
resistance it would be necessary to explore whether fungivores secrete specific 
compounds that work as elicitors triggering the anti-fungivore defence as it has been 
demonstrated for plant-herbivore interactions (e.g. Mattiacci et al., 1995; Turlings et al., 
2000). Chapter 2 as well as those by Döll et al. (2013) strongly suggested the existence 
of such elicitors. 
 In conclusion, the results of this thesis demonstrated for the first time that inducible 
resistance is an important factor affecting the outcome of a model fungus-fungivore 
interaction. Alterations in the fungal secondary metabolite profile are likely to be the 
ultimate cause that keeps fungivores in check. Future studies that go beyond the 
A. nidulans system will deepen our understanding of the mechanistic intricacies of fungal 
secondary metabolite regulation in interactions with grazers. Strikingly, the functioning 
of inducible resistance appears to be quite susceptible to variation in grazing intensity and 
chemically mediated intraguild interactions. Therefore, determining the role of fungal 
inducible resistance in affecting multi-species communities and food-web dynamics 
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